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Preface: Cognitive Neuroscience: The Evolution of a Discipline

Many years have passed since Phineas Gage lost his frontal lobes and gained
his unusual kind of fame. Thanks in no small part to this man’s unfortu-
nate accident, we now have an unparalleled understanding of the role of
the frontal lobes specifically and cortical function in general. Our insatiable
thirst for knowledge about cognitive behavior has driven the development
of increasingly sophisticated tools to study human cognition; as investiga-
tive methods have developed and cognitive processes have been explicated,
cognitive neuroscience has flourished and evolved.

In the “early days,” studies linking brain activity to a particular behav-
ioral response filled the pages of many respectable journals. Examination
of the hemodynamic response to motion perception, to tool naming, and
so on, aided by evidence from comparative studies, laid the crucial foun-
dation for the application of the tools that were to come.

Scientific findings are strengthened when evidence from compara-
tive approaches or techniques converges. In the case of cognitive neuro-
science, empirical support and convergent evidence have come not only
from studies of nonhuman primates but also from further afield. Indeed,
the gradual convergence of other approaches under the rubric of cognitive
neuroscience continues to this day. The book you now hold in your hands
contains chapters written by leading authorities in the field who were 
given the express mandate to describe how their respective techniques 
could be integrated with a range of other tools neuroscientists have at 
their disposal.

Thus Peter Bandettini (chapter 9) describes the possible routes we can
take to link together the hemodynamic response with other measurable
indices such as the galvanic skin response (GSR). This symbiotic relation-
ship is elaborated by Nasir Naqvi and Antoine Bechara (chapter 5), who
explore how the GSR can be used to address higher cognitive functions such
as decision making. Krish Singh (chapter 12) details alternative uses of the



fMRI signal to constrain magnetoencephalography, thereby allowing us to
better understand spatial, temporal, and frequency information mediating
neural activity. Gina Rippon (chapter 10) highlights the potential benefit of
using electroencephalography (EEG) to guide application of transcranial
magnetic stimulation (TMS), enabling us to create a virtual lesion not only
at a particular cortical site but also at a specific frequency. Lauren Stewart
and Vincent Walsh (chapter 1) elaborate on other applications of the TMS
technique.

Given the gathering consensus in the neuroscience community that
differences in the frequency of neuronal oscillations are the “cognitive foot-
print” of a particular task, selective disruption at a given frequency will
allow us to test the necessity of a cortical network at two distinct levels of
analysis. The importance of modeling and interrogating cortical networks
is driven home by Glyn Humphreys, Dietmar Heinke, and Eun Young Yoon
(chapter 4).

We would be seriously remiss if we were to neglect the equally crucial
role of innovation in the evolution of cognitive neuroscience. Indeed, in the
last decade or so there has been a veritable explosion of innovation. A
working knowledge of other techniques and what they can bring to the neu-
roscience debate will fuel this innovation. Phillip Shaw and Anthony David
(chapter 2) draw together clinical psychiatry, psychology, and neurology in
their discussion of cognitive neuropsychiatry. Elisabeth Murray and Mark
Baxter (chapter 3) and Robert Wurtz and Marc Sommer (chapter 6) remind
us to appreciate the full importance of the study of nonhuman primates and
how they can inform the study of human cognition.

The continued evolution of cognitive neuroscience is also driven by
innovative applications of particular techniques. To ensure that such 
applications be made transparent, the contributors to this volume were
given a second mandate, to report on innovation in their respective 
specialist fields.

As John Henderson (chapter 8) makes clear, the study of eye move-
ments can do much to help us understand how visual attention drives what
enters our complex cognitive system. Venkata Mattay, Andreas Meyer-
Lindenberg, and Daniel Weinberger (chapter 11) report on the successful
convergence of neuroimaging and genetic analysis, and discuss the 
creative potential of this fairly novel technique. Stephen Hall and Peyman
Adjamian (chapter 13) examine the chemical underpinnings of cognitive
processes.

Many of these new neuroscience approaches clearly require, and have
only been made possible in latter years by, a dramatic increase in comput-
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ing power. With this in mind, Jack Van Horn and colleagues (chapter 7)
describe how distributed or Grid computing allows us to analyze massive
data sets in cyberspace.

Clearly, the future of cognitive neuroscience looks exciting. We hope
this book lets you see the potential of convergent technologies and share in
this excitement. We are grateful to Barbara Murphy and Kate Blakinger of
MIT Press for their tireless efforts (and for putting up with an endless
barrage of emails).
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Transcranial Magnetic Stimulation in Human Cognition

Lauren Stewart and Vincent Walsh

Why Have So Many Different Techniques?

The many different ways one can now investigate human brain function
allow one to take snapshots of structure and function from different per-
spectives. The particular snapshot one sees is determined by the temporal
and spatial resolution of the technique being used and by whether one is
recording activity from the brain or trying to interfere with or stimulate the
brain to change stimulus processing or behavioral responses. The relative
spatial and temporal resolutions of various neuroimaging and recording
techniques at one’s disposal are vast. But the claimed resolution of a tech-
nique is only a partial guide to its utility. One might consider that the higher
the spatial resolution, the more precise and therefore fundamental is a
measure. One might also think that sampling brain activity at millisecond
resolution is self-evidently better than doing so in longer time windows. A
consequence of thinking in this way is that one expects the results obtained
using different techniques to converge on explanations of sensory and cog-
nitive function, and that there is, in some sense, a hierarchy of explanation
dependent on spatial and temporal specificity. If we examine this somewhat
optimistic and simplistic view, it is easily found wanting, at least at our
current state of knowledge of cognitive architecture and neural functions.
The correct level at which to examine brain function depends on what one
wants to know, and what one wants to know depends on what is already
believed. Richard Feynman made this point with disarming honesty; theo-
ries, he explained, differ in two ways: first, either you like them or you don’t
(a good way to choose between most things); and second, different theo-
ries make you look for different things when making predictions. In the
context of cognitive neuroscience, we can translate this to mean, for
example, that if one believes that single-unit responses are evidence of mech-
anisms, then one will tend to make predictions that posit other localized
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mechanisms. At a different level of neural recording, if one believes that
cognitive functions are widely distributed and can only be examined in
terms of brain activation across different brain sites simultaneously, then
one will embark on whole-brain imaging and find distributed networks of
task-related activity. The two different approaches can yield evidence that
is convergent, but there is no reason to believe they actually will. And if
there is such a reason, we have to ask why have both approaches in our
armory? Comparing the findings from imaging and lesion studies can also
yield converging findings but the differences may be important. In the
number domain, for example, brain-imaging studies consistently show that
both the right and left parietal cortices are activated in numerical tasks,
whereas neuropsychological deficits tend to follow only left-hemisphere
damage. This is an example of nonconverging evidence, most often treated
as a problem to be solved—but there is no law to state that measuring
behavior in a brain-damaged subject should be directly comparable to meas-
uring brain activity in a healthy undergraduate; indeed, by insisting on 
convergence, we may discard valuable knowledge from the differences. 
The same is true in the temporal domain: the millisecond resolution of 
transcranial magnetic stimulation is clearly an important addition to the
portfolio of human lesion analysis because patients undergo brain reor-
ganization and often have multiple deficits. Even so, it would be naive to
think that short-term lesions are always more informative than long-term
lesions, or that reorganization is always an impediment to understanding.
The two lesion methods can be expected to yield informatively different
findings. Some techniques that the cognitive neuroscientist has at his or her
disposal record brain activity, whereas others depend on interfering with it
or using the consequences of damage to study function. These different tech-
niques differ not merely in space and time but also in how they can be used
to make inferences about the brain. Take, for example, functional, mag-
netic resonance imaging (fMRI), in which one obtains differential activa-
tion maps of brain areas in two or more tasks. Do these activation maps
signal that these brain areas are necessary or sufficient for the particular
task for which they are found? Of course, the answer is no. The activations
observed may reflect what the brain may be expecting or planning to do
next with the stimulus delivered. Thus, if subjects are asked to identify or
discriminate the sound of a musical instrument, a tool, or a door slamming
shut, activation in auditory cortex will be accompanied by activation in the
visual cortex. This need not signify the importance of the visual cortex in
auditory discriminations; rather, it may signify that visual and auditory cor-
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tices work in concert to make predictions about the world—and, indeed,
subjects are faster to detect or identify visual objects if they have 
been primed by the sound of that object. The simple point is that unless
you understand the initial brain state perfectly (you don’t), and unless 
you understand the cognitive architecture of the tasks being used perfectly
(you don’t, or you wouldn’t be doing an experiment), the strongest 
statement you can make about data from human brain imaging studies 
is that activity is correlated with the particular tasks demands used. The
issue is not trivial, even with such a fundamental feature of human sensory
processing as color, small differences in stimulation and response parame-
ters have shown that many different areas outside the striate cortex may
respond to color stimuli, although it is not clear that any of them are more
critical for color perception than any of the others. One of the uses of tran-
scranial magnetic stimulation (TMS) is to test whether the activations in
imaging studies indicate that an area is necessary for a task or activated for
some other reason (what is meant by “necessary” is discussed below). Using
TMS to test the claims of brain-imaging studies is open to question,
however, and it would be misleading to suggest that TMS always estab-
lishes a causal relationship between focal activity and task performance or
that brain-imaging results always need to be tested by a lesion method. And,
in the absence of imaging, we may not know at which sites TMS may 
be having its main effects on a task because an effect may sometimes be
due to secondary activation of cortex at a site connected to that directly
stimulated.

We may seem to be giving a negative message: faster or smaller 
spatial sampling isn’t always better; brain activations may be misleading;
TMS effects may be due to secondary activations; techniques shouldn’t 
necessarily give converging evidence. In the face of claims based on spatial
and temporal resolution, however, it seems necessary to establish why 
we have so many different techniques, how they do and do not lead in 
the same direction. Each of these different techniques can best be thought
of as inhabiting a distinct problem space. We may expect differences in 
the results obtained when questions are posed from within these different
problem spaces. Our goal in this chapter is to show that TMS occupies 
one of these problem spaces uniquely and, as such, can address questions
within sensory, motor, and cognitive neuroscience that can be addressed 
in no other way. This situation is not unique to TMS, of course, but in 
considering why we have so many different techniques for investigating 
the brain, we can answer the question of why we use any one technique in
particular.
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Principles

Transcranial magnetic stimulation is based on Faraday’s principle of elec-
tromagnetic induction. A brief current pulse flowing through a coil of wire
will generate a magnetic field. The rate of change of this field determines
the induction of a secondary current in any nearby conducting body. In
TMS, a current is passed through the stimulating coil held close to a
subject’s head over the brain region one wishes to stimulate; in this form
of induction, the nearby secondary conductor happens to be the human
brain—one is stimulating neurons, just as one might stimulate a secondary
coil. Figure 1.1 shows a schematic diagram of a typical TMS machine used
in cognitive neuroscience experiments. The sequence of events in applying
TMS is shown in figure 1.2. The current is discharged into a circular or
figure-of-eight coil, which produces the TMS pulse of up to 2 tesla. This
pulse has a short rise time of between 100 and 200µsec and a typical 
duration of less than one millisecond. The induction of an electric field in
the neural tissue causes neural activity, which operates as the “lesion”
induced by TMS. This process has been described as “creating virtual
patients,” “inducing virtual lesions,” or the “induction of neural noise.” Of
the two pulse types used in TMS, monophasic and biphasic, the latter is
important in repetitive TMS (rTMS) because of energy efficiency, but in a
virtual lesion paradigm, the two types have similar behavioral effects (see
Barker, 1999; Walsh and Pascual-Leone, 2003). What is important here is
how to think of the effects of TMS.

4 Lauren Stewart and Vincent Walsh

Figure 1.1
Schematic diagram of a standard (single-pulse) magnetic nerve stimulator. (From
Barker, 1999, with permission)
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The behavioral consequences of TMS-induced neural activity depend
on the context and the region over which TMS is applied. Some apparently
productive or generative effects of TMS can be seen when stimulation is
applied over the primary visual or motor cortex. When applied over
primary motor cortex, TMS can produce muscular activity such as an
observable twitch. Systematic movement of the coil from the midline in a
lateral direction results in a change in the affected muscle group, from the
shoulder, to the wrist, the hand, the fingers, and, most laterally, the face, 
in accordance with the somatotopic representation of body parts in the
motor cortex. Similarly, when applied over visual cortex, TMS generates
phosphenes—brief flashes of light perceived by the subject in the absence
of any external visual stimulus. Small movements of the coil result in a
change in the spatial location at which the phosphene appears in the 
visual field, in accordance with the retinotopic organization of primary
visual cortex. These TMS effects can be used to study excitatory and
inhibitory pathways, especially in the motor cortex (e.g., Mills, 1999). 
More commonly, in cognitive neuroscience experiments, TMS is applied 
as a subject performs a sensory, motoric, or cognitive task of interest. 
In this context, the induced neural activity over a cortical area that is 
known to be involved in the task can be described as constituting “neural
noise,” which interferes with the coordinated neural processing required 
for the task and results in a decrement in task performance (increased 
reaction times, error rates, shifts in a psychometric function). Used in this
way, TMS simulates the effect of a lesion in neuropsychological patients,
with the important difference that the interference is transient and spatially
specific.

Why?

The virtual lesion metaphor for TMS emphasizes its utility in revealing
causal connections between the brain and behavior. Although “real” 
neuropsychology also permits causal inferences to be drawn, it is con-
strained by several inherent limitations to which TMS is not subject. First,
it must deal with neuropsychological patients whose lesions are rarely focal,
and whose behavioral deficits, likewise, rarely occur in isolation. In con-
trast, TMS can be targeted at specific cortical areas and can be used in
several tasks to test for specific behavioral deficits. Second, neuropsychol-
ogy must deal with patients whose damaged brains may have reorganized
and, depending on the length of time between the injury and the testing,
may have adopted compensatory neural and cognitive strategies. The study



Figure 1.2
Sequence of events in TMS. An electrical current of up to 8kA is generated by a
capacitor and discharged into a circular or figure of eight–shaped coil, which in turn
produces a magnetic pulse of up to 2T. The pulse has a rise time of approximately
200 µsec and a duration of 1msec and due to its intensity and brevity changes at a
rapid rate. The changing magnetic field generates an electric field resulting in neural



of neuropsychological patients thus may reveal more about the abnormal
than the normal brain. In contrast, the effects of TMS are too brief for func-
tional reorganization to occur. Third, neuropsychological researchers must
compare their patients’ performance in the presence of lesion effects to that
of a control group of neurologically normal subjects without such effects.
In contrast, subjects in TMS studies can act as their own controls, per-
forming a task with and without stimulation.

Although TMS allows researchers to test anatomical hypotheses that
may arise from neuroimaging studies (is the activation in area X necessary
for task performance, or is it merely incidental or secondary to activation
in another area?), TMS also has many other applications. It can provide a
measure of the excitability of different cortical areas; it can probe the time
course of an area’s involvement in a task; it can chart relative changes in
brain function with development, learning, or relearning (such as after a
stroke); and, finally, it can reveal dynamic functional interactions within the
brain.

Perhaps here we should state what is meant by testing whether a brain
region is “necessary” for performing a task. If one considers the neural
activity induced by TMS as highly unlikely to be organized in the pattern
necessary for the brain area being stimulated to make its normal contribu-
tion to a task, one can consider such induced activity to act as “neural
noise.” By analogy, say visual white noise is added to a display during a
visual identification task. With a little noise added, the subject may not
immediately make misidentifications but may take longer to identify the
target. As the noise level is increased, the time required to identify the target
also increases. Only when the noise level is substantially increased are sub-
jects likely to start making errors. In other words, introducing noise to a
signal is more likely to slow down correct performance than to force errors.
Can a reaction time deficit without an error deficit be considered as evi-
dence that the stimulated area is “necessary” to perform the task (“neces-
sary” meaning “necessary for normal performance”)? If it can, and if the
induced neural noise slows down performance, then we can consider it to
have induced an abnormal performance and thus to have demonstrated that
the stimulated area is necessary for normal performance.

7 Transcranial Magnetic Stimulation in Human Cognition

Figure 1.2
(continued)
activity or changes in resting potentials. The net change in charge density in the
cortex is zero. Although the pulse shown here is a monophasic pulse, in repetitive
TMS (rTMS) studies, the waveform will be a train of sinewave pulses that allow
repeated stimulation. (Adapted from Walsh and Cowey, 2000)



How, When, and Where to Stimulate

There are several decisions to be made when designing a TMS experiment.
Because TMS in its disruptive or virtual lesion mode is the most common
application of TMS in cognitive neuroscience, it is on this mode that we
will concentrate. The first decision is likely to concern the choice of depend-
ent variable. TMS can slow manual or saccadic reaction times, can increase
error rates, and, in the case of speech production, can cause a distortion or
cessation of the output. On the other hand, TMS can also cause a change
in bias in a task, making signal detection analysis appropriate in some cases.
It is impossible to know, a priori, which dependent variable to use; the only
guidance one can suggest is to pay attention to previous TMS experiments
and to pilot experiments extensively. With this in mind, it is worth noting
that a failure to obtain an effect in a TMS experiment may be due to an
incorrect choice of task or dependent variable rather than a true null result.

All TMS experiments must have a neuroanatomical hypothesis.
Although they may also include a temporal hypothesis or a hypothesis
about functional connectivity, the most basic issue they must test is whether
stimulation over area X will affect function Y. It is therefore necessary to
ascertain where on the subject’s scalp one should place the TMS coil. There
are several ways this can be done. One way is to use the electroen-
cephalography (EEG) coordinates and to stimulate at the 10–20 EEG elec-
trode sites (see Rippon, chapter 10, this volume). Although this has been
successful in many TMS experiments, one would not of course expect a
direct correspondence between EEG electrode sites and underlying brain
anatomy. A more precise method is to obtain a functional magnetic reso-
nance imaging (fMRI) scan of the brain of a subject and to mark the scalp
with landmarks that will be visible on the scan. This allows a degree of
coregistration between coil placement and brain anatomy, which can be
improved if one uses available TMS fMRI coregistration software that
tracks the location of the coil relative to the subject’s head. This method
guarantees accurate stimulation of the cortical surface. Accuracy can be
enhanced by using prespecified fMRI coordinates with the same subjects in
the TMS and fMRI experiments.

On the other hand, these anatomical methods may not be necessary.
If one can define an area by its function, one can accurately stimulate a
region. This was first shown by Ashbridge, Walsh, and Cowey (1997), who
devised a hunting procedure to locate the region on the scalp most likely
to be involved in conjunction visual search. Stewart et al. (1999) developed
the method of moving phosphenes to identify human V5 (now a standard
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procedure). The use of functional localization however, demands that 
one knows a good deal about what one is looking for and where to find it.
Once a stimulation site is chosen, questions arise as to how wide and how
deep the current will spread. Using PET, Paus and colleagues (Paus et al.
1997, 1998; Paus and Wolforth, 1998; Paus, 1999) showed that TMS has
a primary effect roughly below the center of a figure-of-eight coil and 
secondary effects at anatomically connected sites. Similarly, using EEG,
Ilmoniemi et al. (1997) showed that stimulation over visual or motor cortex
elicits EEG responses around the site of stimulation within a few millisec-
onds of TMS, followed by responses from a secondary area of activity in
the homotopic region of the contralateral hemisphere. Regarding the depth
of stimulation, models of the TMS electric field at different depths from the
coil suggest that the area of stimulation has an egg-shaped profile and pro-
gressively shrinks with distance from the coil (Barker, 1999).

The more relevant issue for cognitive neuroscience, however, is func-
tional rather than physiological focality. Although we will never know in a
TMS experiment exactly where the current ceases, either in depth or
breadth, we can define the functional region—the functional specificity—of
a TMS pulse. For example, consider a TMS experiment that induces a
phosphene by stimulating over the occipital cortex. If one moves the coil
slightly and a phosphene is now produced, say 2 degrees of visual angle
away, we can infer that the stimulation has a functional range of 2 degrees
in the cortex. What has been called “leaky current,” then, namely, lateral
spread beyond target of stimulation, is rarely a problem in TMS experi-
ments (for a particularly good example of dissociating anatomically adja-
cent sites, see Rushworth, Ellison, and Walsh, 2001). The second type of
spread one needs to consider is connectional spread. If one stimulates the
parietal cortex, it is highly likely that there will be secondary stimulation
of an area connected to the parietal cortex, for example, the frontal eye
field (FEF) or extrastriate cortex. Where connectional spread is being
studied, the secondary activations are not an impediment to the experiment;
rather, they are a good guide as to which site to choose for a control site.

The next decision after where to stimulate is when—and how long—
to stimulate (see figure 1.3). The commonest type of TMS experiment uses
stimulation online to disrupt neural processing during task performance. A
single TMS pulse lasts for approximately one millisecond and its neural
effects typically for only a few milliseconds. Except when one is attempt-
ing to affect a process within a short time window or when one has an idea
of the time course of the area of interest in the task being used, it will often
be sufficient to use a train of pulses. Since there are limits to the number

9 Transcranial Magnetic Stimulation in Human Cognition



of pulses and the length of a train of pulses (for safety and practical
reasons—for example, overheating of coils), the interval between task onset
and response should be short, typically, less than a second. Using a train of
pulses over the entire period between task onset and response processing in
the targeted area, one will, in theory, disrupt normal processing through-
out the stimulation period. If there is a TMS effect, such as an increase in
reaction times (RTs), one can then use repetitive TMS (rTMS) to narrow
down the time window of investigation as shown in figure 1.3.

An alternative type of TMS experiment uses stimulation off-line,
applying TMS for several minutes before a task; any TMS effect is inter-
preted to be due to the residual physiological changes caused by stimula-
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A
Off-line: no hypothesis re timing

B
On-line: some idea of time e.g first 500 msecs

C
On-line: some more idea of time (cost in no of trials)

D
On/off-line: timing between trials

TMS 10 + mins Behavioral Task

Behavioral
Response

Behavioral
Response

TMS for X msecs

TMS

Behavioral Trial 2Behavioral Trial 1

Stimulus
Onset

Stimulus
Onset

TMS
in

inter-trial interval

Figure 1.3
Different temporal uses of TMS.



tion. For example, Chen et al. (1997) have shown that low-frequency TMS
(1–3Hz) decreases cortical excitability. On the other hand, the effects of
off-line stimulation are, by definition, more indirect; as Pascual-Leone et al.
(1999) have shown, these effects vary as a function of the stimulation
parameters used and the cortical areas stimulated.

Another way TMS can be used, one that may be of particular inter-
est to cognitive neuroscientists, is to stimulate during the intertrial interval
in a block of tasks. This mode of stimulation is especially useful in the
context of priming experiments, where the performance on a given trial
may be influenced by the content of a prior trial. When applied between
trials, TMS can disrupt the processes of short-term memory or consolida-
tion (Campana, Cowey, and Walsh, 2002).

After deciding where, when, and how long to stimulate, one must also
decide how much stimulation to give with each pulse and how often to
apply these pulses. Safety guidelines provide some constraints. There is a
trade-off between intensity, duration, and frequency. Intensity guidelines
recommend applying stimulation at a fixed percentage of a subject’s motor
threshold, that is, the amount of TMS required to elicit a motor-evoked
potential (MEP) of at least 50µV on 50 percent of trials). In this way, the
level of stimulation is presumed to be calibrated to an individual’s cortical
excitability, although previous studies (Stewart, Walsh and Rothwell, 2001)
have shown a lack of correlation between the level of excitability in differ-
ent cortical areas. When rTMS is used, 10–15Hz has become the typical
rate at which stimulation is delivered over 500msec.

It is important to control for the nonspecific effects of TMS, such as
arousal caused by the auditory click produced on pulse discharge or the
involuntary muscle twitches that can be produced by TMS. A control site
presumed not to be involved in the experimental task should therefore be
stimulated to ensure that any changes in performance can be compared with
TMS over the site being studied. A control task, to which the area being
studied does not contribute, should also be given to subjects under the same
stimulation conditions. This will allow experimenters to conclude that 
area A is important for task X, but not for task Y, and that area B is not
important for task X. The use of a task control and a site control should
be considered a prerequisite for a good behavioral TMS experiment.

Innovation

To illustrate the innovative uses of TMS we have selected experiments that
deploy TMS to explore psychological models, to make spatial predictions
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about a brain area, to make timing predictions about an area, and to 
elucidate the temporal interactions between two or more areas. These
experiments have been chosen because their generic methodology can, in
principle, be transferred to the study of any cognitive system.

The first TMS experiments to explore a psychological model were
carried out by Amassian et al. (1989, 1993), who used TMS in the virtual
lesion mode to probe the cortical basis of visual masking. In their first exper-
iment, Amassian and colleagues presented subjects with small, low-contrast
trigrams and required them to identify each of the three letters. Using a
round coil approximately 2cm above the inion, they delivered TMS pulses
once every trial at a trigram-TMS onset asynchrony of between 0 and 
200msec. They demonstrated that, when delivered between 80 and 
100msec after the onset of the visual stimulus, TMS abolished the ability
to identify the letters (figure 1.4). They further demonstrated the retino-
topic specificity of the effect by moving the coil first to the left and then to
the right, disrupting the report of letters on the right, then left of a hori-
zontal trigram, and by moving the coil first upward and then downward,
disrupting the report of lower, then upper letters of a vertical trigram. They
extended the experiment to a classic masking paradigm, reasoning that it
should be possible to demonstrate that, when the subjects were presented
with competing inputs, disruption of one of those inputs should enhance
the processing of the other. When subjects were presented with a trigram
followed 100msec later by a masking trigram, the presentation of this
second trigram reduced their ability to report the letters in the first. By
applying TMS over the occipital cortex after the presentation of the second
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Figure 1.4
Visual suppression of trigrams by TMS. The proportion of correct identifications of
three briefly flashed dark letters on a bright background is plotted as a function of
the delay between stimulus onset and the application of TMS over occipital visual
cortex. The magnetic stimulation was delivered with a round coil. (From Amassian
et al., 1989, with permission)



trigram, however, Amassian and colleagues were able to reinstate the sub-
jects’ trigram report performance (figure 1.5): TMS had masked the mask.
This is a remarkable example of how TMS can be used within the context
of a psychological model with a specific temporal hypothesis.

Following the success of Amassian and colleagues in probing the 
neurochronometry of one psychological task, Ashbridge, Walsh, and Cowey
(1997) used TMS to test the role of the posterior parietal cortex (PPC) in
visual search. Lying on the dorsolateral surface of the cortex, posterior pari-
etal cortex is easily accessible to TMS. To model the effects of lesions to
this region, they stimulated the PPC while subjects carried out feature and
conjunction visual search tasks (figure 1.6). Patients with PPC lesions are
impaired on conjunction but not on feature tasks, a finding that underpins
the view that the posterior parietal cortex is important for visual feature
binding. Although Ashbridge, Walsh, and Cowey sought to replicate this
finding, their experiment also gave rise to different findings. When they
applied single-pulse TMS on each trial at a search array–TMS asynchrony
of between 0 and 200msec, subjects showed two patterns of effects: there
was no effect on the simple feature trials, but an increase in reaction times
on the conjunction trials. When subjects were reporting the target was
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Figure 1.5
Masking of the first trigram produced by the presentation of a second trigram can
be unmasked when the second trigram is suppressed by TMS. The proportion of
trials in which the subjects correctly reported all the letters of the first trigram is
presented as a function of the delay between the presentation of the second trigram
and the TMS pulse. In parentheses are the numbers of trials with TMS (top) and
with sham TMS (bottom). (From Amassian et al., 1993, with permission)



present, TMS had its maximal effect when applied around 100msec after
array onset, but when they were reporting that the target was absent, the
maximal effect of TMS was around 160msec after array onset. On the one
hand, their findings replicated the neuropsychological patient data—PPC
damage impairs conjunction but not feature search. On the other, they went
beyond these data in two important respects. They found, first, that the
PPC is important for target-absent responses, a finding that speaks against
the PPC’s importance for feature binding because on target-absent trials
there is, of course, no target to be bound. Second, they found that the con-
tribution of the PPC in conjunction search occupies different time windows
on target-present and target-absent trials—indeed, these time windows were
locked to subjects’ reaction times, suggesting that the role of posterior pari-
etal cortex is tied to response programming rather than any visual process
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Figure 1.6
Effects of TMS, applied over the right posterior parietal cortex of naive subjects on
a conjunction visual search task (with 8 stimuli in the array). Data are normalized
to the reaction time on trials when search was performed without TMS. There is a
clear effect of TMS on trials both when the target was present with the pulse deliv-
ered 100msec after stimulus onset and when the target was absent with the pulse
delivered 160msec after target onset. Solid line indicates target present; broken line,
target absent. Vertical bars represent ±1 standard error. (From Walsh, Ashbridge,
and Cowey, 1998, with permission)



such as binding (see also Ellison, Rushworth and Walsh, 2003; Rosenthal
et al., forthcoming).

Amassian et al. (1989, 1993) and Ashbridge, Walsh, and Cowey
(1997) used single-pulse TMS because they had specific temporal hypothe-
ses. But unless one knows exactly when one wants to stimulate, single-pulse
TMS can be very time consuming and difficult to achieve; indeed, in the
absence of a temporal hypothesis, repetitive TMS can be used to good effect.
Typically, TMS is applied for 500msec at the onset of a task. As figure 1.4
shows, it can be used to define a time window for further exploration. There
are now many examples of using rTMS to disrupt cognitive functions.
Pascual-Leone, Gates, and Dhuna (1991) induced speech arrest by stimu-
lating over the left frontal lobe of a population of subjects awaiting surgery
for epilepsy. Pascual-Leone, Grafman, and Hallett (1994) induced extinc-
tion effects by stimulating over the parietal lobe; their work has been
extended by Fierro et al. (2000) using 1Hz off-line stimulation, and by 
Bjoertomt, Cowey, and Walsh (2002) and Oliveri et al. (1999a). Oliveri and
colleagues, for example, delivered single-pulse TMS to the right posterior
parietal cortex between 20 and 40msec after bimanual stimulation of the
fingers, which interfered with both ipsilateral and contralateral tactile detec-
tion, whereas delivering TMS over the same site 50msec before the appli-
cation of the right tactile stimulation led to an increase in sensitivity to the
ipsilateral tactile stimuli. This can be interpreted as evidence that right-
hemisphere stimulation can cause a disinhibition of the left hemisphere and
result in improved performance (see also Walsh et al., 1998; Hilgetag,
Theoret and Pascual-Leone, 2001; Rushworth, Ellison, and Walsh, 2001;
Oliveri and Calvo, 2003).

Few studies have capitalized on the ability of transcranial magnetic
stimulation to interfere with speech; indeed, the use of TMS to investigate
language functions remains relatively unexplored territory. Among those
few studies, however, Epstein et al. (1999), Bartres-Faz et al. (1999), and
Stewart et al. (2001) have all induced speech arrest in nonneurological pop-
ulations. Although the Epstein study suggested that the effect was due to
interference with the motor cortex, the Bartres-Faz and Stewart studies
clearly showed that motor effects could be dissociated from the effects of
stimulating speech-related regions in the frontal lobe. Bartres-Faz et al.,
1999, and Stewart et al., 2001, locate the critical area for TMS stimulation
to disrupt speech to be over the middle frontal gyrus, dorsal to the inferior
frontal gyrus, and are thus in agreement with lesion studies (Rostomily et
al., 1991), human electrical stimulation studies (Penfield and Roberts, 1959;
Ojemann and Mateer, 1979; Ojemann, 1983), and PET studies (Ingvar,
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1983). On the basis of findings in brain-imaging studies, Stewart et al.
(2000) tested the hypothesis that Brodmann area (BA) 37 is important for
object naming and phonological retrieval. Repetitive TMS was applied over
the posterior region of BA 37 of the right and left hemispheres and over
the vertex. Stimulation of BA 37 impaired performance on picture naming
but not on word reading, nonword reading, or color naming. Thus, with
respect to object encoding and naming, the posterior region of BA 37 would
seem to be important for recognition. Topper et al. (1998) applied single-
pulse TMS over Wernicke’s area prior to picture presentation and, some-
what paradoxically, found that this improved the speed of picture naming.
The effect was specific to task and area; they concluded that TMS “is able
to facilitate lexical processes due to a general pre-activation of language-
related neuronal networks when delivered over Wernicke’s area” (Topper
et al., 1998: 372). While these effects are intriguing, they raise the general
question of why TMS should have facilitatory effects within a system, a
question we will return to later.

TMS has been used to study awareness by stimulating the brains of
both neuropsychological patients and nonneuropsychological subjects alike
with two coils to selectively produce and interfere with perception. To
examine the role of the visual cortex in awareness in a totally retinally blind
subject who had suffered damage to the optic nerves but had an intact visual
cortex, in a blindsight subject with a hemianopia caused by damage to striate
cortex, and in normally sighted individuals, Cowey and Walsh (2000)
incluced phosphenes with TMS. They easily elicited vivid phosphenes from
the blind and the normally sighted subjects when they applied TMS over the
occipital pole and moving phosphenes when they applied TMS over MT/V5.
In contrast, despite extensive and intensive stimulation of an intact MT/V5
in the damaged hemisphere of the hemianopic subject, they were unable to
elicit any phosphenes. Thus the experience of motion seems to depend on an
intact striate cortex. Pascual-Leone and Walsh (2001) reasoned that, if V1
was important for visual awareness of motion, it should be possible to show
that V1 stimulation can disrupt perceptions caused by activity in MT/V5.
They stimulated MT/V5 to produce a perception of motion and followed this
with subthreshold stimulation over V1. If the V1 stimulation was between
approximately 10 and 40msec after the MT/V5 stimulation the perception
of the moving phosphene induced by TMS over MT/V5 was degraded or
abolished (figure 1.7), consistent with the hypothesis that awareness is medi-
ated by backprojections from extrastriate to striate cortex (see also Silvanto
et al., 2005). Silvanto, Lavie, and Walsh (2005) extended this work to show
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Figure 1.7
V5-V1 backprojections and the perception of motion. The brain MRI image from
one of the study subjects displays a representative example of the site of stimula-
tion for induction of stationary (V1) and moving phosphenes (MT/V5). The loca-
tion on the subject’s scalp of the center of the intersection of the wings in the Figure
of eight–shaped TMS coil is projected perpendicularly to the scalp surface, onto 
the subject’s brain as reconstructed from an anatomical MRI. (Bottom) Mean
responses of all subjects (n = 8) to combined stimulation of V5 and V1. The V5-
V1-TMS asynchrony is displayed on the x-axis: negative values indicate that V1
received TMS prior to V5, and positive values indicate that V1 was stimulated after
V5. The subjects made one of four judgments about the phosphene elicited by V5
TMS: (1) present and moving; (2) present but subject uncertain whether moving;
(3) present but stationary; or (4) absent (no phosphene observed). TMS over V1
between 10 and 30msec after TMS over V5 affected the perception of the
phosphene. (Adapted from Pascual-Leone and Walsh, 2001)



that not only is V1 important in the circuitry of awareness but that the level
of activity in V1 determines awareness. Silvanto and colleagues applied 
subthreshold stimulation over MT/V5, followed by either supra- or sub-
threshold stimulation over V1. When MT/V5 was stimulated subthreshold,
subjects had no perception of motion; when V1 was stimulated suprathresh-
old, they perceived a small, stationary phosphene. When the MT/V5 sub-
threshold stimulation was followed by a V1 suprathreshold pulse, subjects
perceived a moving phosphene that was larger than the one they perceived
with V1 stimulation alone. In other words, the activity in MT/V5 became
accessible due to the level of activity in V1.

Plasticity, Rehabilitation, and Transcranial Magnetic Stimulation

Of the many ways in which TMS is used, the aim of using it to aid recov-
ery of perceptual, motoric, or cognitive functions in neuropsychological
patients or following trauma represents one of the greatest challenges. There
are now many examples of how TMS can be used to understand or promote
rehabilitation. For example, recent efforts have focused on the effects of
TMS on somatosensory areas to investigate whether, when stimulated, one
hemisphere can significantly affect ipsilateral or contralateral sensory per-
ception during unimanual or bimanual detection tasks. TMS has already
proved useful in charting recovery of function (Brasil-Neto et al., 1992,
1993; Kew et al., 1994), learning-related changes (Butefisch et al., 2000;
Classen et al., 1998), long-term changes in blind subjects (Pascual-Leone
and Torres, 1993), as well as changes during skill acquisition (Pascual-
Leone et al., 1995b) and skill deployment (Pascual-Leone et al., 1993a).
Remarkable though many of these findings are, developing TMS as a treat-
ment in rehabilitation has proven difficult, although there are indications
that TMS may be useful in the treatment of depression (e.g., George et al.,
1996), and significant effort is now directed at the use of TMS in recovery
from stroke. TMS can, of course, be used to mimic neglect or extinction;
in several studies, there has been a facilitatory effect on perception in 
the visual field or hand ipsilateral to the site of TMS (Seyal et al., 1995;
Oliveri et al., 1999b; Hilgetag et al., 2001; Rushworth, Ellison, and Walsh,
2001). This raises the possibility that by disrupting one hemisphere, one
might be able to “disinhibit” (without confusing this term with simple
neural disinhibition) the unstimulated, competing hemisphere. Although
progress in TMS rehabilitation has been comprehensively and critically
assessed by Rossi and Rossini (2004), it is worth detailing one specific
example.
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Oliveri et al. (1999b) sought to test whether single- and paired-pulse
TMS of an intact hemisphere in brain-damaged patients could modulate
extinction. Testing 28 patients with right (n = 14) or left (n = 14) brain
lesions, they delivered single-pulse TMS to frontal and parietal scalp sites
of the intact hemisphere 40msec after applying a unimanual or bimanual
electric digit stimulus. In patients with right hemispheric damage, left
frontal TMS significantly reduced the rate of contralateral extinctions com-
pared with controls, whereas left parietal TMS did not significantly affect
the number of extinctions as compared with baseline. Patients with left
hemispheric damage did not show equivalent results: TMS to their intact,
right hemisphere did not alter their recognition of bimanual stimuli. These
results suggest that extinctions produced by right hemisphere damage may
be dependent on a breakdown in the balance of hemispheric rivalry in
directing spatial attention to the contralateral hemispace, so that the unaf-
fected hemisphere generates an unopposed orienting response ipsilateral to
the lesioned hemisphere. TMS to the left frontal cortex in patients with
right-hemisphere damage and contralesional extinction ameliorates their
deficit. Brighina et al. (2003) have also showed convincingly that stimula-
tion of the unaffected hemisphere in patients with neglect can diminish their
symptoms. Clearly, there is a basis here for further therapeutic exploration
(see Rossi and Rossini, 2004).

Safety and TMS

TMS must, of course, be used responsibly. If one applies exclusion criteria
to the selection of TMS subjects (Wassermann, 1998), single-pulse TMS
carries virtually no risk and repetitive TMS as typically used in cognitive
neuroscience experiments falls well within the safety guidelines. Neverthe-
less, one should be aware of the risks, however small. Because TMS pro-
duces an auditory click, which can cause discomfort and temporary
elevation in auditory thresholds (Pascual-Leone et al., 1993b), ear plugs
should be used in all experiments. Some TMS subjects may experience
headaches or discomfort from the facial or neck muscle twitches common
when more anterior sites are stimulated. Such subjects are, of course, under
no obligation to continue; it is worth remembering that uncomfortable or
worried subjects are not likely to produce good data. The most serious the-
oretical concern is the possibility of spread of activity or even of seizure.
Although there are a few cases of TMS-induced seizures, none occurred
when the simulation parameters have been within the Wassermann guide-
lines (Wassermann, 1998). Provided reasonable caution is exercised and 
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the Wassermann paper is consulted, one can therefore have confidence in
these guidelines.

Integration

Thus, as we noted at the outset, there are two ways of looking at why 
we might use the many different techniques available to the cognitive neu-
roscientist: (1) in the hope that they might lead to converging conclusions
and (2) to take advantage of the different kinds of answers the different
techniques provide and the different kinds of questions they cause us to ask
(see Walsh and Butler, 1996). Consistent with both of these views is the
attraction of integrating TMS with other techniques, in particular, with PET,
fMRI, and EEG (Paus et al., 1997, 1998; Paus and Wolforth, 1998; Paus,
1999; Ilmoniemi et al., 1997). Bohning et al. (1999) have successfully com-
bined TMS and fMRI to directly measure the neurophysiological conse-
quences of magnetic stimulation. Although there are now several examples
of such a combination, none to date has successfully addressed behavior,
which remains an avenue to be explored in future research. Using sub- and
suprathreshold 4Hz repetitive TMS over M1/S, Bestmann et al. (2003)
investigated changes in brain activity. They observed changes in BOLD 
activation in the areas under the coil and in the supplementary motor area
(SMA) in seven out of eight subjects. Although subthreshold TMS did not
produce changes in the BOLD signal under the coil, it did produce sec-
ondary BOLD changes in SMA. Bestmann and colleagues concluded that
BOLD changes correlated with suprathreshold TMS are predominantly
caused by reafferent input to the motor cortex following TMS-induced hand
movements. Siebner et al. (1998) compared the changes in regional cere-
bral blood flow (rCBF) induced by 2Hz rTMS over the motor cortex, suf-
ficient to cause an arm movement, with those caused by the actual
movement of the arm. The correspondence was striking; both conditions
activated area 4 ipsilateral to the movement and the voluntary movement
also activated area 6 of SMA.

Conclusion

Instruments and techniques are only as good as the people using them: a
finely tuned sports car is dangerous, and a Stradivarius violin squeals 
horribly in the wrong hands. In this chapter, we have tried to explain what
one needs—and how one needs to think about lesion methodology—to
carry out experiments using TMS. We have also suggested that, when dif-
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ferent techniques give different results, one might have an interesting
finding, rather than simply a failure to confirm or to find converging evi-
dence. Althouh much remains to be done in integrating TMS with EEG and
fMRI and in using TMS to investigate reorganization in neuropsychologi-
cal patients, nevertheless, the core contribution of TMS to cognitive neu-
roscience lies, not in serving as an adjunct to other techniques, but in
interfering with cortical functions in precise time windows to parse the
organization of behavior. To date, many TMS studies have sought to repli-
cate the effects observed in neuropsychological patients or to confirm 
the findings of fMRI experiments. The new challenge will be to ask what
can TMS interference with behavior show that cannot be found by other
means.
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The Cognitive Neuropsychiatric Approach

Philip Shaw and Anthony S. David

Many core clinical symptoms in psychiatry are readily conceptualized as
the product of dysfunction in normal cognitive processes. Despite the intui-
tive appeal of this approach, only recently has there been a systematic
attempt to account for clinical psychopathologies in terms of deficits to the
mechanisms mediating basic cognitive processes, such as attention, percep-
tion, and memory. The term cognitive neuropsychiatry (CNP) has been
coined to capture the key components of this approach, which emphasizes
links with the basic neurosciences—and which makes particular use of
advances in functional neuroimaging—in its attempt to delineate the psycho
neural substrates for clinical symptoms (David and Halligan, 2000; 
Halligan and David, 2001). This chapter will review the origins of CNP in
cognitive psychology and clinical psychiatry, illustrating how the interac-
tion of these disciplines has improved our understanding of core psychiatric
symptoms.

Principles

The cognitive neuropsychiatric approach reflects the principles of CNP’s
parent disciplines (figure 2.1) and rests in part on a range of available
models of abnormal cognitive phenomena, and of “normal” cognitive
processes inferred from them, often developing and refining the models. Its
experimental techniques in turn rest largely on single case studies in which
individual patients with particular psychopathologies are studied exten-
sively to characterize the precise nature of their respective deficits. The study
of series of individual patients with distinctly different psychopathological
conditions reveals patterns of association and dissociation between partic-
ular cognitive functions (Caramazza, 1986). Within the CNP approach,
double or complementary dissociations, which arise when one patient has
an intact performance on cognitive task A but is impaired on cognitive task
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B, whereas a second patient with a corollary symptom profile shows the
reverse pattern of cognitive skills, are held to be particularly important
(Teuber, 1955; Shallice, 1998). Indeed, such dissociations are held to imply
the functional independence of the systems mediating the two cognitive
skills, which illustrates how an analysis of patterns of deficits in clinical
populations can inform models of cognitive function in healthy subjects.
One could even argue that demonstrating complementary cognitive disso-
ciations between groups of subjects with differing psychopathologies might
prove to be a powerful way of avoiding false positives (see Robertson 
et al., 1993).

Detailed analysis at the level of the single patient serves to highlight
important individual differences that might otherwise be disregarded when
data from multiple subjects are pooled together. Group studies of patient
populations defined by objective criteria (such as the presence of a psychi-
atric symptom) are also used to test the validity of models derived from
single case studies and to develop models that have more general 
applicability.

In cognitive neuropsychiatry, the level of analysis is that of the clini-
cal symptom (or, occasionally, group of symptoms) rather than that of diag-
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nostic categories, as is the case in most branches of clinical psychiatric
research. CNP thus circumvents the problem posed by most psychiatric
diagnoses, which represent the victory of pragmatism over theory and bear
little relationship to current models of psychological processes.

Delusions, Hallucinations, and Thought Disorder

Cognitive neuropsychiatry has given rise to novel ways of addressing 
psychotic phenomena in particular. Several symptoms lie at the core of 
psychotic disorders: delusions, hallucinations, and disorganized speech
(reflecting “thought disorder”). Delusions evade easy definition, but are
generally considered to be a species of erroneous beliefs held with startling
conviction (for a discussion of the difficulties in attaining a comprehensive
definition, see Gilleen and David, 2005). Within CNP, they can be under-
stood as the product of a dysfunction in the normal stages of belief 
formation. One set of abnormal beliefs—delusional misidentification—
demonstrates the strengths of the detailed case study approach. In the
Capgras delusion, patients believe that a familiar person has been replaced
by an almost identical other. Ellis and Young (1990) propose that this delu-
sion arises from a deficit in face processing, specifically, from a deficit in
attaching relevant affective information stored about an individual to the
process of recognizing that person’s identity. Thus patients with Capgras
syndrome fail to show the normal electrophysiological (and, by inference,
affective) response to pictures of individuals they explicitly recognize. By
contrast prosopagnosic patients, who have the converse pattern of deficits,
may show normal skin conductance responses to pictures of familiar people
but are unable to explicitly recognize or name them. This double dissocia-
tion of two sets of patients (Capgras patients intact in overt, but impaired
in covert, face recognition; prosospagnosic patients showing the reverse
deficits) provides evidence for the existence of two independent routes by
which faces are processed. A mere loss of affective information about a
familiar face might lead someone to be puzzled, but does not itself explain
the typically bizarre and elaborate explanation that patients with Capgras
delusions provide for their experiences. A consideration of deficits in more
general processes of reasoning and memory is needed to provide explana-
tions for the bizarre and affectively negative tone that characterizes many
delusions (Gilleen and David, 2005).

In this vein, a CNP approach to more common delusions (on perse-
cutory, nihilistic, or grandiose themes) has focused on possible deficits in
normal processes of reasoning.
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Several studies (see Garety et al., 2001; Freeman et al., 2004) have
found that deluded patients have faulty reasoning: they tend to jump to
conclusions and change their minds readily in the face of contradictory evi-
dence. Their findings suggest a “data-collecting bias” that may contribute
to the formation and maintenance of delusions. In a different reasoning par-
adigm, Kemp et al. (1997) instructed deluded patients to choose between
logically fallacious and valid responses on tests requiring judgments of con-
ditionality, syllogism, and probability. The deluded patients were slightly
more prone than healthy controls to endorse fallacious responses, especially
when emotive themes were involved. The reasoning differences were,
however, subtle and clearly impairments in other basic cognitive mecha-
nisms need to be examined.

Impairments in attention—particularly in the processes underlying
selective attention—may shape delusions. Deluded patients appear to attend
selectively to self-referential or threatening information in their environ-
ment (Fear, Sharp, and Healey, 1996), a finding that can also be demon-
strated psychophysiologically by tracking eye movement in patients as they
scan the environment (Phillips and David, 1998). Patients with paranoid
delusions respond quickly to threatening elements in ambiguous pictures,
but actually spend less time than healthy controls in appraising such threat-
ening elements (Phillips, Senior, and David, 2000). Other data suggested
that they may search for threatening stimuli in nonthreatening areas of the
stimuli, looking for threat in inappropriate places. This selective focus on
threat-related material is reflected in a preferential recall of threatening
episodes (Kaney et al., 1992). It is clear how selective attention to threat in
the environment, and enhanced recall of such negative percepts, could
provide fertile ground for the growth of paranoid beliefs. And, finally, phys-
iological “dissociations” may promote aberrant cognitive processing of
potential threat in people with schizophrenia. Williams et al. (2004) showed
a lack of the normal correlation between skin conductance responses and
amygdala activation on fMRI.

Others have formulated delusions as the direct product of abnormal
attribution styles, claiming that there is no need to invoke additional per-
ceptual and attentional biases. Freeman et al. (2004) have described a ten-
dency of deluded patients to blame other people when things go wrong,
which they term a personalizing attribution style. Blackwood et al. (2000,
2003, 2004) have used fMRI to delineate the neural basis of such attribu-
tional styles. They found that deluded patients show underactivation of a
region of the brain held to mediate self-monitoring (the anterior cingulate
gyrus) when they evaluated negative personal statements, which they 
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interpret as reflecting a lack of self-reflection in the persecutory delusional
state.

Emotion has a clear impact on belief formation, which may exist in
an exaggerated form in the formation of delusions. Rossell, Shapleske, and
David (1998) demonstrated that the criteria for what qualifies as a truth
statement may be relaxed when the topic is related to a deluded person’s
preoccupations. David and Howard (1994) demonstrated that highly
emotive delusional memories are rated by patients as more perceptually rich
than fantasies and even memories of actual real events. This “abnormal
memory” can be related to dysfunction in the mechanism of emotional
memory formation, in which the amygdala plays a central role. Elaborat-
ing on this finding, Gibbs and David (2003) suggest that abnormal emo-
tional enhancement of memory (consolidation) may occur in delusions, 
in part due to pathology of the amygdala (a pathology well established in
psychotic disorders). This predicts that patients with mood-congruent 
delusions, which are shaped by the patients’ underlying affective disorders,
may demonstrate more severe functional and perhaps structural pathology
of the amygdala.

A recent theory emphasizes deficits in central processes that govern
social cognitive reasoning, such as reasoning about the mental states of
others in order to explain and predict their behavior. Deluded patients were
found to be impaired in a task that required reasoning about the belief states
of others, specifically, a second-order theory of mind (ToM) task that
required reasoning about the belief one person holds about the belief of
another—“He thinks that she thinks . . .” (Corcoran, Mercer, and Frith,
1995; Frith and Corcoran, 1996). There is also a decrease in the normative
tendency among deluded patients to attribute social meaning to the move-
ments of two cartoon shapes in the Heider and Simmel paradigm (see 
Blakemore et al., 2003). Much of the circuitry implicated in processes of
self-monitoring and source memory is also involved in TOM reasoning—
particularly the medial prefrontal cortex (and anterior portions of the ante-
rior cingulate gyrus) and perhaps mesial and polar temporal regions (Frith
and Frith, 2003). An fMRI study (Russell et al., 2000) has also shown
reduced left prefrontal cortical activation during tasks of ToM reasoning in
patients with schizophrenia. There is some debate over whether deficits in
ToM reasoning are a characteristic of the psychotic state and not a trait
feature: studies are inconsistent as to whether theory of mind deficits are
found among deluded patients in remission (see Drury, Robinson, and
Birchwood, 1998; Herold et al., 2002). The finding of ToM deficits in first-
degree relatives of patients with schizophrenia is evidence in favor of the
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concept of a trait—a core deficit in mentalizing—although the empirical
findings of such deficits are mixed (see Herold et al., 2002; Kelemen et al.,
2004).

The cognitive neuropsychiatric study of delusions thus demonstrates
two of the cardinal features of the CNP approach. First, adopting classical
neuropsychological methods, it explores delusion-like phenomena in people
with demonstrable organic brain lesions to inform models of the “func-
tional” psychoses. Second, it frames psychotic symptoms in terms of dys-
function in normal cognitive processes, thus allowing them to be linked 
to neural systems that can then be studied using functional neuroimaging
techniques.

A similar mix of methods can be seen in the CNP analysis of halluci-
nations. Auditory verbal hallucinations have drawn particular interest, in
part because they represent the most common form of hallucinations
encountered by psychiatrists. According to the current main theories, 
hallucinations have several common features: (1) mental contents are 
translated into auditory verbal form—“voices”; (2) the sense of ownership
of this internal “speech” is somehow lost (David, 2004); and (3) elaborate
systems of beliefs are developed about the origin of the “voices”. Given the
pervasive tendency for the source of the speech to assume a hostile, alien
character, the process behind the third feature clearly does not occur at
random.

Earlier neuropsychological models were based on the premise that hal-
lucinations are the product of abnormal activation of auditory sensory
mechanisms intimately linked with the generation of internal speech (or its
proximate sources). This premise derives some support from functional
neuroimaging studies (Woodruff et al., 1997; Shergill et al., 2000), which
show that activation in the frontotemporal regions ceases when hallucina-
tions do. More recently, Shergill et al. (2004) showed that, several seconds
before the onset of hallucinations, activation occurs in cortical regions held
to be important in generating inner speech (the inferior frontal cortex and
middle temporal gyri), and that, once the hallucinations start, activation
switches to the bilateral temporal gyri and the left insula—areas implicated
in the perception of auditory verbal material. Structural neuroimaging
studies report subtle structural cortical anomalies in some of the same
regions. For example, using automated voxel-based morphometry tech-
niques, Shapleske et al. (2002) found a reduction in the gray matter in the
left insula and adjacent temporal cortex of hallucinators.

More recent cognitive models of hallucination (see Bentall, Baker, and
Havers, 1991) argue for a primary deficit in memory, specifically, for dif-
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ficulties in reconstructing and integrating sensory, semantic, and source
components of a memory. In this framework, hallucinations arise when an
auditory memory of a negative thought about the self is recalled as origi-
nating from another source and is experienced as an alien hallucination.
Paradigms that systematically manipulate the source of memories do not,
however, find consistent evidence for a specific deficit in correctly recalling
acts as being generated by the self, or they attribute the effects of such a
deficit to more general cognitive impairment (see Morrison and Haddock,
1997; Brebion et al., 2000). Most mnemonic impairments are more global
in hallucinators than in nonhallucinators, or they are not confined to psy-
chotic hallucinators (Keefe et al., 1999; Brebion et al., 2002). Nevertheless,
distinguishing between erroneous and reduced memory does appear to be
related positively to symptoms such as delusions and hallucinations, and
may be related negatively to deficit symptoms (Brebion et al., 2000).

A more compelling case can be made for models that posit defective
self-monitoring as the primary deficit in hallucinations and other psychotic
phenomena, a case most clearly made by Frith and colleagues (Frith, 1992;
Frith, Blakemore, and Wolpert, 2000; David, 2004) over several years, with
several recent proposed refinements. All intentions to act (including the for-
mulation of a speech act) are held to produce an efferent copy that is then
fed forward to a comparator, where intended and actual actions are com-
pared. A completed speech act that arrives in the comparator in the absence
of an efferent copy is experienced as originating from an external source.
If the efferent copy arose at the level of the formulation of a thought, its
absence could be experienced as the delusion of an inserted alien thought
(a Schneiderian first-rank symptom). If the efferent copy arose at the level
of preparing a motor speech act, its absence could be experienced as an
auditory verbal hallucination. Johns et al. (2001) have demonstrated that
hallucinators tend to misattribute their own voice, fed back to them imme-
diately in a slightly distorted form, to an external speaker. 

Functional imaging of this paradigm reveals aberrant activation in
temporal, parahippocampal, and cerebellar areas (Fu and McGuire, 2003).
Recent electrophysiological studies using event-related potentials (ERPs;
Ford et al., 2001, 2002) have also elegantly demonstrated a failure to mark
self-generated speech as distinct from the speech of others in hallucinators.

High-end technological approaches are not the only contributors to
the evaluation of cognitive models of hallucinations. Single case studies still
play an important role. For example, the case for auditory verbal halluci-
nations as a form of inner speech or phonological short-term memory has
been weakened substantially by the finding that a female patient with severe
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hallucinations still had normal phonological memory function. Despite
almost constant auditory verbal hallucinations, this patient demonstrated
word length and phonological superiority effects associated with an intact
phonological buffer (David and Lucas, 1993). This finding was replicated
in a group study by Evans, McGuire, and David (2000), whose hallucina-
tor subjects demonstrated intact phonological memory and intact perform-
ance on a battery of tests designed to assess auditory imagery.

Cognitive models of semantic networks operationalized as nodes con-
nected by links of differing weights have been used to study thought dis-
order, reflected in the disorganized speech often found in psychotic patients.
Thus Goldberg and Weinberger (2000) argue that there may be reduced
semantic priming in thought-disordered patients. They found that patients
with thought disorder displayed lack of priming for highly associated
within-category words, suggesting that they could not access them in a
timely and semantically relevant manner. This deficit, which occurred in the
face of generally intact vocabulary skills, suggests in turn that there is a
primary anomaly in the organization of semantic entities. Such an abnor-
mal conceptual framework with weakened or aberrant semantic links
between conceptual “nodes” could lead to speech output characterized by
bizarre and tenuous connections. Kuperberg, McGuire, and David (2000)
demonstrated such weakened semantic links by showing that thought-
disordered patients did not dismiss sentences whose endings violated
normal semantic rules; this deficit was closely linked to the presence and
severity of thought disorder. In more recent work, Kuperberg and colleagues
(Sitnikova et al., 2002) have provided electophysiological evidence that
thought-disordered patients show abnormal processing of sentences manip-
ulated to assess the degree to which the patients process irrelevant seman-
tic aspects of words. And, finally, an in-depth cognitive neuropsychological
case series has produced a pleasing convergence with these more experi-
mental approaches. Seven patients with severe thought disorder were con-
trasted with healthy controls on an extensive aphasia battery that revealed
particular deficits best characterized as an expressive semantic abnormality
with preserved naming (Oh, McCarthy, and McKenna, 2002).

Limitations

The limitations of the cognitive neuropsychiatric approach are to some
extent those of CNP’s parent disciplines. On the one hand, reliance on
detailed case studies and double dissociations has been criticized (see 
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Van Order, Pennington, and Stone, 2001). Particular criticism has been
made of the tendency to impute the existence of independent isolable 
cognitive subsystems or modules from such dissociations, and many argue
(see Plaut, 2003) that cognitive functions are better modeled using a more
distributed, nonmodular framework. In this vein, Plaut (1995) found 
that apparent double dissociations can arise when a “lesion” is made to a
distributed neural network, although Bullinaria (2003) has disputed this
finding. As critics of the CNP approach, see it, double dissociation does not
entail functional independence of two cognitive modules. Others have
pointed out that there are many implicit assumptions underlying such
neural networks—such as the presence of “hidden units”—which may
covertly introduce analogues of a modular architecture.

Cognitive models have often been characterized as “box and arrow”
models, which are hard to falsify because extra boxes pop up to explain
unexpected findings, and the contents of the arrows is never specified.
Undoubtedly, there is a need to have tightly constrained models that gen-
erate clear, testable hypotheses. On the other hand, the literature is replete
with studies that accept the null hypothesis: many of these have been listed
above.

Within cognitive psychology, some have criticized the adoption 
of group studies of clinical populations, arguing that this approach 
obscures vital individual variations associated with differing patterns of
brain dysfunction (see McCloskey, 1993). Indeed the “ultras” among these
critics emphasize the importance of findings from single-case series—and
even discount evidence from group studies. By far most cognitive psychol-
ogists, however, hold to the complementarity of single-case and group
studies.

Another problem especially relevant to cognitive neuropsychiatry, but
not unique to it, is the assumption of normality prior to the disorder or
lesion in question. For example, a stroke patient with prosopagnosia is
assumed to have had normal face recognition prior to the patient’s stroke.
However, the clear evidence of premorbid cognitive deficits, neurodevelop-
mental origins, and possible long-protracted onset in the major psychiatric
disorders makes such assumptions less secure.

Integration

Intuitively, links with functional neuroimaging would seem to hold partic-
ular promise: the level of spatial resolution attainable is ideally suited for
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explaining brain activation patterns framed in neurocognitive terms. In
practice, however, the relationship between functional neuroimaging tech-
niques and neuropsychological methods in general and CNP in particular
is a matter of debate. Some have argued that functional neuroimaging has
a rather severely limited role insofar as evidence from this modality cannot
be used to falsify a cognitive model (see Coltheart, 2003). The recent ex-
plosion of interest in functional neuroimaging may also outstrip advances
made in basic cognitive psychology. This could lead to conceptually con-
fused interpretations as poorly elaborated basic cognitive models are forced
onto increasingly sophisticated brain activation maps.

A more optimistic and perhaps pragmatic approach reflects on the
progress already made in mapping cognitive modules defined in neuropsy-
chological models onto brain structures (see Shallice, 2003). Those who
hold this view stress that it need not entail a simple direct correspondence
between cognitive modules or separable subsystems and individual anatom-
ical regions. Indeed, a cognitive level of analysis may not necessarily map
neatly onto the brain. However, there is increasing evidence of patterns of
dissociation of brain activation while performing different cognitive tasks
thought to rely on separable systems or cognitive modules. Shallice (2003)
has given an elegant analysis of how fMRI studies demonstrate dissocia-
tions in activation patterns found to arise in the encoding and retrieval of
episodic memory. Similarly, there is clear evidence of a dissociation of acti-
vation of the amygdala and hippocampus during the encoding of affectively
neutral and arousing memories (Dolcos, LaBar, and Cabeza, 2004). As men-
tioned earlier, an understanding of the normal processes of encoding and
retrieving emotional memories may explain some core symptoms in the 
formation of delusions. Overall, such findings give strong support to the
promise of linking psychiatric symptoms with dysfunction of cognitive
systems that can be conceptually defined and functionally localized.

Efforts to determine the genetic basis of psychiatric disorders have
yielded some remarkable taxonomic results. A syndromic approach has
proved a useful starting point, but it is unlikely that the genome will adhere
closely to this taxonomy. Many have advocated the use of endophenotypes,
constructs that serve as an index of predisposition to a disorder or
symptom, identify more elementary and specific processes along pathogenic
pathways, are stable and not illness dependent, and present in unaffected
relatives (Gottesman and Gould, 2003). Cognitive endophenotypes are par-
ticularly promising candidates. For example, Glahn et al. (2003) have pro-
posed deficits in working memory as an endophenotype for schizophrenia.
These deficits in working memory show a clear effect of genotype in 
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schizophrenia, illustrating how a cognitive deficit may relate closely to the
neurobiology of mental disorders. It is likely that syndromes—which are
clinically useful—will increasingly be studied in terms of the cognitive mech-
anism underlying the cardinal symptoms of each disorder.

A final potential benefit of cognitive neuropsychiatry relates to the
therapeutic implications of the CNP approach. Techniques that alter basic
cognitive processes are widely applied in many psychiatric disorders; a
greater understanding of the cognitive basis of distressing symptoms may
lead to more theoretically driven and targeted development of novel neu-
rocognitive therapies for psychiatric disorders. That techniques bolstering
reality testing and verification may reduce delusions is thus theoretically as
well as practically important (Jolley and Garety, 2004). One hitherto
untested target is insight or awareness of illness. There appears to be an
inverse relationship between insight and mood, such that low mood invari-
ably accompanies gains in insight, and vice versa (Mintz et al., 2003). Tar-
geting one of these variables specifically, by cognitive means, might tease
out the direction of causality.

Conclusion

In applying the tools of cognitive psychology to psychopathology, cognitive
neuropsychiatry provides a level of analysis ideally suited to bridge differ-
ent research approaches—informing the interpretation of neuroimaging
studies and providing cognitive endophenotypes for genetic studies. Its
research potential is matched by its therapeutic promise in guiding novel
cognitive therapies to remove the very symptoms it seeks to explain.
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Cognitive Neuroscience and Nonhuman Primates: Lesion
Studies

Elisabeth A. Murray and Mark G. Baxter

From the battlefields of antiquity to the present, military medicine found
that damage to different parts of the brain caused different deficits. Injury
to the left brain produced paralysis of the right limbs, and injury to the
right brain, paralysis on the left; injury to the back brain produced blind-
ness, whereas extensive excisions of the front brain had scarcely any effect
at all. In the fourth and fifth centuries b.c.e., for example, Hippocratic
physicians observed that damage to one side of the brain caused motor dis-
abilities on the opposite side of the body (Lassek, 1954). And, during World
War I, military doctors noticed that bullets lodged in the back of the brain
disrupted sight in discrete portions of the visual scene.

Inevitably, physicians and surgeons attempted to replicate the deficits
observed in military medicine and clinical neurology in nonhuman
animals—to “create a patient,” as one practitioner so famously declared.
Although condemned by antivivisectionists of the time as inapplicable to
humans, such animal research of the late nineteenth century established the
principles of cortical organization for all mammals, including our species.
Needless to add, the field of cognitive neuroscience faces a ferocious attack
from contemporary antivivisectionists, and so it is particularly appropriate
to consider its place in modern neuroscience at this pivotal juncture.

If we are to understand how the brain carries out its myriad cogni-
tive functions—processing sights, sounds, and bodily sensations, thinking,
feeling, learning, attending, and guiding action, among others—the problem
before us is one of reverse engineering (Pinker, 1997). This is because the
brain, an amazing computational device (or collection of devices), already
exists, and its computations have been shaped by evolution. In taking apart
the brain to see “how the mind works,” lesion studies in nonhuman animals
represent an essential part of the armamentarium of reverse engineering.

The relationship between brain bits and their cognitive functions is
difficult to pin down in humans. This is because accidental brain damage—
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whether caused by injury, stroke, tumors, or disease—typically involves an
array of brain structures and produces an array of cognitive disabilities.
Occasionally, however, circumstances arise that reveal the relationship
between regions of the human brain and their cognitive functions in an 
individual. Two celebrated cases are Phineas Gage, who exhibited marked
changes in personality as a consequence of frontal lobe damage (Damasio
et al., 1994), and H.M., who developed severe and persistent anterograde
amnesia after bilateral surgical removal of the medial aspect of the tempo-
ral lobes (Scoville and Milner, 1957). In the case of Phineas Gage, a con-
struction foreman, an accidental blast sent a tamping iron through his
frontal lobes. After the accident, he began to exhibit socially inappropriate
behavior, including use of profane language; once highly reliable, he became
irresponsible. In the case of H.M., although the surgical excision intended
to reduce the frequency and severity of his epileptic seizures did indeed
produce the desired effect—alleviation of the seizures—it also had the unin-
tended effect of producing a selective impairment in his ability to retain new
information for more than a few minutes. In both these cases, and in other
instances of brain damage, the effects were at once profound yet strikingly
selective; that is, the mental faculties (e.g., general intelligence, speech)
outside the specific area of change were otherwise remarkably intact. For
this reason, lesion studies constitute a highly relevant and essential source
of information for modern cognitive neuroscience.

The specific contribution of experimental lesion studies in animals is
the ability to make anatomically circumscribed lesions and to exert a high
degree of control over the protocols used to assess cognitive function both
before and after the lesion is induced. Today, most neuropsychological
studies in nonhuman primates are carried out in three species of
macaques—the rhesus monkey (Macaca mulatta), the cynomolgus monkey
(Macaca fascicularis), and the Japanese macaque (Macaca fuscata)—and in
one species of New World primate, the common marmoset (Callithrix
jacchus; e.g., Dias, Robbins, and Roberts, 1996; Ridley, Baker, and Weight,
1980).

Although recently developed techniques such as fMRI can point to
structures involved in a cognitive function, experimental lesion studies are
still the only way to determine if a given brain structure is necessary for a
given function. Consequently, findings from lesion studies complement
those from physiological studies employing neuronal recording or func-
tional imaging techniques. The reverse is also true; because physiological
measures such as fMRI can reflect activity in the whole brain, whereas
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lesion studies necessarily focus on a specific structure or set of structures,
functional imaging in humans may inform the work in nonhuman primates.
Or, in the words of Gerhardt von Bonin (1960: vii), musing about the
promise of the then newly developed electrophysiological and cellular phys-
iological methods: “Much of this is all to the good, but the older approach
should not be completely forgotten when one gets dazzled by the modern
treatment of the subject.”

Both the experimental lesion method itself and the behavioral tasks
used to assess cognition are critical elements of cognitive neuroscience
research. Lesion methods and behavioral tasks have not been static. Recent
research has used sophisticated methods to produce lesions of particular
neurochemical systems or gene products within the brain; when used in 
conjunction with behavioral designs of increasing complexity, these new
approaches permit finer-grained determinations of the cognitive processes
affected by the lesion. This chapter will review how behavioral techniques
have changed over the years, the types of experimental lesion techniques
available (e.g., induction of excitotoxic lesions and of immunotoxic lesions
with agents such as 192 IgG-saporin), the limitations of lesion studies, how
specific lesion techniques might be improved (e.g., induction of reversible
lesions with antisense or other receptor-specific manipulations), and how
lesion techniques might be applied in the future to enhance our under-
standing of monkey and human cognition.

Development

The systematic use of selective cerebral lesions and disconnections in
animals to study cerebral localization of function has a long history, one
dating from the early nineteenth century and the work of Marie-Jean-Pierre
Flourens, Hermann Munk, Sir David Ferrier, Gustav Fritsch, and Eduard
Hitzig, among others. To learn about the work of these early investigators,
the reader is directed to a translation of selected works by these authors
(von Bonin, 1960). In addition, Gross (1998) documents the history of
research investigations into the neural substrates of visual memory, with an
emphasis on work in nonhuman primates.

This section focuses on relatively recent developments in lesion tech-
niques applied to nonhuman primates. In our view, the critical develop-
ments arising from roughly the 1980s onward fall into two main categories:
(1) conceptual developments in the behavioral assessments of cognitive
function; and (2) technical developments allowing greater accuracy and pre-
cision in the placement of lesions.
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Advances in Behavioral Testing

Early work in monkey neuropsychology relied on only a few behavioral
tests, of which discrimination learning, delayed response, and their variants
figured prominently. Indeed, a popular handbook of standard methods used
to investigate behavior in nonhuman primates (Schrier, Harlow, and 
Stollnitz, 1965) outlines techniques of discrimination learning, oddity,
delayed response, and delayed alternation. Subsequently, researchers grad-
ually migrated from what might be called a “selection mode,” in which they
chose from the handful of available tasks, to an “instructed mode,” in
which they designed tasks to test specific hypotheses. For example, although
retention of discrimination problems was once the standard task used to
measure memory in monkeys (e.g., Orbach, Milner, and Rasmussen, 1960),
the use of the delayed matching- and nonmatching-to-sample tasks, in
which memory was taxed by requiring monkeys to remember objects over
increasingly longer delay intervals or to remember lists of items (Mishkin
and Delacour, 1975; Gaffan, 1974), and in which new objects were used
on every trial, provided a breakthrough in understanding the contribution
of medial temporal lobe structures to stimulus memory (for review, see
Murray, 1996). In the following paragraphs, we provide three additional
examples of lesion studies in monkeys that represent the conceptual devel-
opment in behavioral assessment alluded to earlier—that is, the shift away
from the use of standard, “off-the-shelf” tasks toward the design and use
of theoretically motivated tasks designed to test specific hypotheses. We
hope these examples, which necessarily involve relatively specific descrip-
tions of behavioral tasks, will provide the reader with a sense not only of
the challenges confronting experimenters but also of the thrill of tackling
tough issues in cognitive neuroscience.

One underrepresented topic of study in monkey neuropsychology is
the use of strategies and rules. To investigate the neural substrates for the
acquisition and performance of strategies, Gaffan et al. (2002) designed a
“strategy task” in which two different classes of objects needed to be treated
differently. Specifically, on each trial the monkey was offered a choice
between two objects, one from each class. Rewards could be obtained in
one of two ways: first, “persistent” responses to the first class of object
across trials, which resulted in reward after four consecutive “persistent”
responses, and second, a “sporadic” response to the second class, which
resulted in reward only when a “persistent” reward had been earned pre-
viously. Repeated responses to the “sporadic” class of object did not give
reward until another reward had been earned for touching the “persistent”
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class of objects. Monkeys learned to apply a strategy that resulted in the
most efficient delivery of rewards under this schedule (four “persistent”
object choices followed by a single “sporadic” object choice). Using this
task, together with a crossed-lesion design, Gaffan and his colleagues were
able to demonstrate that inferior temporal cortex and frontal cortex need
to interact to support performance on the task and therefore, presumably,
to implement strategies. Furthermore, although the monkeys with the
crossed disconnection surgery could not apply the preoperatively learned
strategy, they could perform other visual tasks, demonstrating that their
deficit was not due to altered visual perceptual abilities. Although there have
been other forays into the neural basis of rule learning and implementation
in monkeys, this is certainly one of the more creative ones.

In another example of the instructed mode, using tasks that evaluate
the candidate operating characteristics of episodic memory, Rapp, Kansky,
and Eichenbaum (1996) have investigated the specific information-
processing functions that enable episodic memory in humans. One such task
is transitive inference, which requires the ability to derive inferences from
information stored in memory. Monkeys are first trained on a series of over-
lapping discrimination problems (e.g., A+ vs. B−, B+ vs. C−, C+ vs. D−, and
D+ vs. E−). After learning these individual problems, they are given a test
of transitive inference, which involves presentation of a choice between B
and D, two items that have never been paired with each other. In this
example, because the relationships between the items can be organized hier-
archically as A > B > C > D > E, the choice consistent with this hierarchy
would be B over D, a tendency indeed displayed by intact monkeys. A
related task employs paired-associate learning in which visual cues instruct
visual choices. Monkeys first learn conditional problems of the structure
“If A, choose B and not Y; if X, choose Y and not B.” A new set of over-
lapping problems is then given: “If B, choose C and not Z; if Y, choose Z
and not C.” On probe trials meant to test the contents of memory, the
monkeys are presented with a cue from the first set of problems, A, and
with choices from the second set of problems, C versus Z. Here, as in the
transitive inference task, a monkey is required to make an inference, but
one based on stimulus-stimulus association rather than ordinal position.
Recently, Buckmaster et al. (2004) found that monkeys with entorhinal
cortex lesions were impaired on both of these tests. Because of the exten-
sive interconnections between the entorhinal cortex and hippocampus, 
and because the tasks required flexible use of stored information, these
researchers interpreted their findings as support for the idea that the hip-
pocampal formation enables episodic memory in nonhuman animals.
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Finally, some authors have designed tasks based on predictions
derived from computational modeling. For example, Bussey and his col-
leagues (Bussey and Saksida, 2002; Bussey, Saksida, and Murray, 2002) 
proposed that perirhinal cortex, a region in the medial temporal lobe, 
contained visual representations of complex conjunctions of features. They
further proposed that various effects of perirhinal cortex damage could be
accounted for by the nature of the visual representations stored in perirhi-
nal cortex. To test this notion, they designed tasks that required the repre-
sentation of complex conjunction of features for their solution. In one study,
objects were constructed to contain overlapping elements and these were
presented for discrimination. The objects were made by placing two dif-
ferent complex grayscale pictures (A and B) side by side, thereby creating
a compound object AB. Monkeys were required to discriminate these com-
pound objects (e.g., AB+ vs. AD− and CD+ vs. BC− and other trial config-
urations involving the same objects). As predicted by the model, monkeys
with perirhinal cortex lesions were found to be impaired on this task. In
contrast, object pairs that did not involve overlapping elements (e.g., MN+
vs. OP− and WX+ vs. YZ−) could be discriminated at a normal rate by
monkeys with perirhinal cortex damage, indicating a specificity of the
impairment for discrimination problems that required resolution of over-
lapping features. Additional tests of this idea involved complex objects
created through stimulus morphing. This work showed that not only are
monkeys with perirhinal cortex lesions impaired in processing these kinds
of complex stimuli (Bussey, Saksida, and Murray, 2003), but humans with
damage to perirhinal cortex damage are impaired as well (Lee et al., 2005).
Tests designed for monkeys were thus used to assess cognitive abilities in
humans, leading to new insights in brain function.

Advances in Lesion Methodology

The standard, aspirative lesion technique, in large part set and disseminated
by Karl Pribram (e.g., Pribram et al., 1952), employs the use of small-gauge
aspirative suckers that permitted precise removal of brain tissue, combined
with use of electrocautery to control loss of blood. The systematic manner
in which gray matter is removed just below the pia mater, the method of
reconstructing brain lesions by performing histological processing of brain
tissue and microscopic examination of the lesion boundaries, and the iden-
tification of patterns of thalamic degeneration all can be traced to Pribram.

Another standard practice in lesion studies is transection of discrete
white matter bundles such as the corpus callosum (Sperry, Stamm, and
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Miner, 1956), the fornix (e.g., Gaffan et al., 1984), white matter of the tem-
poral stem (Cirillo, Horel, and George, 1989) and uncinate fascicle (Eacott
and Gaffan, 1992). Fornix transection has the advantage, over direct hip-
pocampal damage, of being reproducible. Even more important, the pro-
cedure can be carried out in an operation that inflicts negligible damage to
extrahippocampal structures. Weighing against these advantages of fornix
transection is the growing realization that the effects of fornix transection
and hippocampal removal can differ (e.g., Whishaw and Jarrard, 1995).

Another useful method is the cooling of brain tissue (e.g., Horel et al.,
1987). By blocking nerve conduction, cooling produces an acute dysfunc-
tion of the cooled tissue. Because it can be rapidly applied and reversed and,
more important, because it apparently produces no permanent damage to
the cooled tissue, cooling can be used repeatedly, across days and across
months, within subjects. Researchers can measure cognitive abilities under
the influence of cooling and in a control (warm) condition within a single
test session. Disadvantages of this method are that it is difficult to specify
the amount of tissue affected by the cooling and that cooling may not yield
the same behavioral effects as a chronic lesion.

Current state-of-the-art procedures include use of MRI-guided stereo-
taxic procedures combined with the injection of excitotoxins to achieve a
selective lesion. Before the advent of magnetic resonance imaging, it had
been difficult to localize brain structures—especially deep structures—with
sufficient accuracy to employ stereotaxic approaches. This is because there
is extensive interanimal variability, even within a given species of non-
human primate, in the locations of structures relative to a landmark like the
external auditory meatus (location of ear bar 0 of a stereotaxic apparatus).
For example, as shown in figure 3.1, the distance in the anteroposterior
(AP) plane from the middle of the amygdala to ear bar 0 in a set of rhesus
monkeys ranges from about 16 to 24mm (coauthor Murray, unpublished
data). These data are comparable to those reported by Aggleton and 
Passingham (1981), who found, in a group of 35 rhesus monkeys, that the
distance in the AP plane from the middle of the mammillary bodies to the
external auditory meatus (ear bar 0) ranged roughly from 12 to 19mm. In
a traditional stereotaxic surgical approach based on a standard atlas, the
locations of brain structures appear as a fixed distance from ear bar 0.

Thus the kind of variability shown in figure 3.1 makes it unlikely that
stereotaxic coordinates of the amygdala or the mamillary bodies, as deter-
mined from a “standard” brain, would target either of these structures with
a high degree of accuracy. To circumvent this problem, Aggleton and 
Passingham (1981) used x-radiographs to find bony landmarks in the skull
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that were located close to the targeted structure, thereby providing better
reliability in their stereotaxic approach. Now, however, MRI is used to
obtain a brain atlas of each monkey. Consequently, stereotaxic coordinates
are simply tailored to the individual monkey brain and accuracy is as good
as the resolution obtained from the scanner times the margin of error in
the stereotaxic approach. Standard methods have been described by several
groups (e.g., Saunders, Aigner, and Frank, 1990; Alvarez-Royo et al., 1991;
Hampton et al., 2004), and figure 3.2 shows the kinds of images enabling
one such approach (see plate 1).

One additional advantage of MRI is that the location and extent of
an aspirative lesion can be assessed in vivo, allowing publication of data
while the animals are undergoing additional behavioral testing. Interest-
ingly, extended periods of behavioral evaluation could translate to within-
subject data on a greater number of tasks, which could then lead to more
powerful analyses of cognitive functions (e.g., correlational analyses) within
lesion groups. Furthermore, excitotoxic lesions may also be assessed by
MRI (Málková et al., 2001), a method that will undoubtedly become more
useful as investigators gain additional information in this area. Figure 3.3
provides examples of postoperative structural magnetic resonance images

50 Elisabeth A. Murray and Mark G. Baxter

Figure 3.1
Distance between the middle of the amygdala and the external auditory meatus
(location of ear bar 0), plotted as a function of body weight, in rhesus monkeys.
Data are from 22 hemispheres, half left and half right, in 18 rhesus monkeys.
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Figure 3.2
T1-weighted MR images obtained from a young adult rhesus monkey. Images show
the brain in the coronal plane (top left) and several parasagittal planes (all others).
The arrows and numerals highlight landmarks used to plan MRI-guided longitudi-
nal surgical approaches to the hippocampus. (Reprinted from Hampton et al., 2004)
See plate 1 for color version.
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Figure 3.3
Schematic diagram showing the location and extent of the intended lesion (right
column) on both the ventral view of a macaque brain (top) and coronal sections
(bottom). The intended lesion (shaded area) includes both the orbital prefrontal
cortex and the amygdala in the left hemisphere. A reconstruction of the orbital pre-
frontal cortex lesion (shaded region, top) and MR images through the lesion
(bottom) from one case are shown in the left column. The orbital prefrontal cortex
lesion (marked by the white arrows) was assessed with T1-weighted MR images
(e.g., level +30) and the amygdala lesion was assessed with T2-weighted MR images
(levels +18 and +16) obtained within 7–10 days of surgery. The white region
(“hypersignal”) in the MR images at levels +18 and +16 reveals local edema con-
sequent to injections of ibotenic acid into the amygdala. Numerals indicate distance
from the interaural plane (0). (Adapted from Izquierdo and Murray, 2004)



illustrating both an aspirative lesion of the orbital prefrontal cortex (level
+30) and an excitotoxic lesion of the amygdala (levels +18 and +16).
Because the lesion in this monkey was made only in the left hemisphere,
the intact right hemisphere is available for comparison with the left. Figure
3.4 shows photomicrographs of Nissl-stained brain sections (taken from
another operated monkey in the same study that sustained the same lesion)
after traditional histological processing of the brain. A comparison of the
two figures reveals that MRI can provide an accurate indication of the
extent of a lesion.

Principles

Examination of the cognitive abilities of brain-damaged subjects, whether
the damage occurred by accident (as in the case of human neurological
patients) or design (as in the case of experimental lesion studies), provides
unique insights into the organization of function within the brain. Only
lesion analyses can establish the extent to which a particular structure is
necessary for a particular function. Structure, in this case, could include
particular molecules such as ion channels or neurotransmitter receptors, 
as well as neuronal fiber tracts, in addition to particular populations of
neurons.

The logic of lesion studies is clearly and elegantly laid out by Olton
(1991), who summarizes three basic patterns of results from which infer-
ences can be drawn about brain function based on results of lesion studies:
(1) no dissociation; (2) single dissociation, and (3) double dissociation. The
most powerful designs compare two or more lesion groups on two or more
tasks. When there is no dissociation and a single lesion impairs two (or
more) tasks, it can be inferred that the tasks have at least one function in
common that is required for their correct performance, and this function is
disrupted by the lesion in question. Interpretation of similar effects of two
or more lesions on a single task is much less straightforward: it cannot be
inferred that the structures are involved in a single common function of the
task. In a single dissociation, one lesion impairs performance on both task
A and task B, whereas the second lesion impairs performance on task B
only. This implies, as with no dissociation, that the two tasks share at least
one function that is disrupted by the first lesion. Furthermore, task B
requires some function that task A does not, which requires the structure
damaged by the second kind of lesion. This, in turn, implies a sequential
organization of processing. In a double dissociation, one lesion impairs task
A but not task B, whereas the second lesion impairs task B but not task A.
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Figure 3.4
Photomicrographs of Nissl-stained coronal sections through the lesion in a monkey
that sustained an aspirative removal of the left orbital prefrontal cortex (A) and an
excitotoxic lesion of the left amygdala (B). The extent of the lesion in this case can
be judged by comparing the left (operated on) and right (intact) hemispheres. The
boundaries of the orbital prefrontal cortex lesion are marked by the black arrows.
Note the massive cell loss and gliosis in the region of the left amygdala. Scale bar:
7mm (A) and 3mm (B). Compare and contrast with figure 3.3. (Adapted from
Izquierdo and Murray, 2004)



This implies that each task engages a unique function that is not required
for the other task, and that these unique functions require activity in the
structure whose damage results in impairment in the particular task.

Lesion methods may also be used to examine the extent to which
structures functionally interact in the performance of a task. This approach
employs crossed unilateral lesions of different brain structures in each hemi-
sphere, and was first described by Ettlinger (1959). For example, consider
a task in which lesions of both structures X and Y impair performance to
similar degrees. This does not necessarily imply that X and Y are con-
tributing to task in the same way, or that the contributions of structures X
and Y to task performance depend on each other. If, however, intrahemi-
spheric interaction between structures X and Y is required for efficient task
performance, then a lesion of structure X in one hemisphere and structure
Y in the other hemisphere should produce a comparable impairment to
bilateral lesions of either structure X or Y. Aside from providing informa-
tion about the circuits involved in task performance, this procedure also
has the advantage that unilateral lesions of individual structures are often
without effect; if such effects occur, they tend to be mild. For instance, bilat-
eral amygdala aspiration lesions produce a syndrome of bizarre behavioral
effects including hyperorality and emotional changes (Weiskrantz, 1956;
Meunier et al., 1999), which could complicate the interpretation of cogni-
tive deficits after such lesions. Bilateral amygdala aspiration, or crossed uni-
lateral aspiration lesions of amygdala and auditory association cortex, was
shown to impair visual discrimination learning for auditory secondary rein-
forcement (Gaffan and Harrison, 1987). But because only bilateral amyg-
dala aspiration lesions produced overt changes in emotional reactivity, the
learning impairment could not be attributed to any global changes in behav-
ior consequent to the lesion. As it happens, the learning impairment in dis-
crimination learning for auditory secondary reinforcement was likely the
result of disconnection of inferotemporal cortex rather than damage to the
cell bodies of the amygdala itself, which was only discovered when neuro-
toxic amygdala lesions were applied to this problem (see Málková et al.,
1997; Baxter, Hadfield, and Murray, 1999).

As Olton (1991) notes, it is desirable to go beyond “impairment” and
“no impairment” in terms of the description of the results of lesion studies.
Because there are differing degrees of impairment on many tasks, con-
sideration of the level of impairment (mild to severe) is an important 
characteristic of the description of results. Moreover, apparently intact 
performance on one measure may belie differences in strategies used to solve
the task. As an example, aged rhesus monkeys show normal signatures of
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transitive inference learning when their discrimination performance is
tested, but reaction time differences between different types of transitive
inference probes are not seen, suggesting that the monkeys are using a dif-
ferent cognitive strategy to support their discrimination performance (Rapp,
Kansky, and Eichenbaum, 1996). Furthermore, there are more complex
aspects of neural organization in which lesions may act in unexpected ways,
revealing synergistic or competitive effects on behavior (e.g., Kim and
Baxter, 2001). Thus the interpretation of lesion effects may sometimes be
complex or controversial; in these circumstances, converging evidence from
other experimental approaches becomes important in understanding the
nature and organization of the particular cognitive processes being studied.

Another critical aspect of lesion studies is the use of parametric mani-
pulations of task difficulty (Olton, 1991; Olton and Shapiro, 1992). It is
difficult to draw conclusions about the extent to which a structure is not
involved in a task on the basis of dissociations alone. What is really required
are parametric manipulations of task difficulty. Difficulty in this sense may
be along any one of several different perceptual dimensions, including 
(for visual sensory stimuli) contrast, brightness, rotation, degradation with
white noise, or, in the case of memory, the amount of time over which stim-
ulus material is retained. In the absence of such manipulations, conclusions
about the extent to which particular brain structures or psychological func-
tions are required for performance of a task are limited by the constraints
of a particular testing situation. For example, a lesion that is without effect
on a visual recognition memory task where the delay between sample and
choice never exceeds 30 seconds may nevertheless have an effect on visual
recognition memory where delays are extended. On the other hand, if the
particular structure is not involved in visual recognition memory at all,
lesions of that structure should never produce an effect regardless of how
difficult the task is made. For example, conjoint neurotoxic lesions of the
amygdala and hippocampus in monkeys fail to impair visual recognition as
tested in a delayed nonmatching-to-sample procedure, even when the delay
between sample and choice is extended to as long as 40 minutes and per-
formance of control monkeys is nearly at chance (Murray and Mishkin,
1998).

An underlying assumption of work with nonhuman primates is that
identical cognitive tasks administered to monkeys and humans will be
tapping the same cognitive function. The situation is not quite so simple,
however. Use of the identical task in humans and monkeys is no assurance
that the task is measuring the same cognitive function in both. For example,
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acquisition of concurrent visual discrimination problems administered with
24-hour intertrial intervals is unaffected by medial temporal lobe (MTL)
lesions in monkeys, and therefore thought to be a test of habit formation
(Mishkin and Petri, 1984). Interestingly, humans with medial temporal lobe
lesions, unlike their monkey counterparts, fail this test (Hood, Postle, and
Corkin, 1999; see also Aggleton, Shaw, and Gaffan, 1992). At this time, it
is not evident which cognitive functions in humans make this task depend-
ent on the MTL, although it has been conjectured that humans try to 
impose declarative, language-based solutions unavailable to monkeys. Thus
it appears that identifying behavioral homologies between monkeys and
humans requires more than presentation with the same or similar task
requirements (Roberts, 1996). A related point is that comparisons between
monkeys and humans are facilitated when the questions are asked the 
same way—for example, when nonverbalizable stimuli and forced-choice
responses are used in human studies (Weiskrantz, 1977), as they typically
are in monkey studies.

In experimental neuropsychological studies that have examined the
neural substrates of memory, two main approaches can be identified. One
approach, which might be called the “ablation-correlation approach,”
holds that if damage to a given set of brain structures in humans produces
an impairment of a specific type, say, in declarative memory, then any
deficits caused by similar damage in nonhuman animals can be classed as
“declarative” (Squire, 1992). The “attribute approach,” by contrast, seeks
to identify characteristics or properties of declarative memory that might
be common to monkeys and humans (e.g., Eichenbaum, 1997; for review,
see Wise and Murray, 1999). The latter approach can be broadened to
include a systematic examination of manipulations (including lesions and
pharmacological modulations) of the same brain structures in monkeys and
humans using the same or similar tasks. If task performance is affected by
manipulations of the same neural networks in monkeys and humans, then
it seems highly likely that there is behavioral homology. This approach has
been used successfully to delineate the cognitive functions of prefrontal 
corticostriatal circuits (e.g., Roberts, 1996).

We make no attempt here to argue the merits of one approach over
another. The approach taken in any given study is dictated to a large extent
by the goal of the study. If the goal is to create an animal model of a 
particular syndrome, which can then be further studied to characterize the
neurobiological correlates of a clinical syndrome or to design and evaluate
potential therapeutic interventions, then the “ablation correlation”
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approach might be justified. On the other hand, if the overarching goal is
to analyze the cognitive function of a specific brain region, then the “attrib-
ute approach” is warranted. The types of task used to evaluate cognitive
functions and the way in which they are selected (see “Development”) inter-
act with the approach being employed.

Several animal models have been developed in nonhuman primates to
examine the relationship between brain damage and cognitive function. For
example, lesions within the medial temporal lobe are thought to model
global anterograde amnesia (Mishkin, 1978; Zola-Morgan, 1984); brain
lesions produced by ischemic episodes have been used to model the effects
of posterior cerebral artery occlusion in humans (Bachevalier and Mishkin,
1989; Zola-Morgan et al., 1992). Other models used in nonhuman primates
to assess the relationship between brain damage and cognitive function
include basal forebrain damage to model Alzheimer’s disease (Aigner et al.,
1991; Voytko et al., 1994); exposure to the deadly neurotoxin MPTP to
model Parkinson’s disease (e.g., Belluzi et al., 1994); simian immunodefi-
ciency virus (SIV) infection to model the cognitive impairments observed in
HIV-infected humans (Murray et al., 1992). Also, to the extent that there
are neurobiological changes in aging even in the absence of frank cell loss
(Morrison and Hof, 1997), effects of lesions in young monkeys provide a
neuropsychological framework for interpreting cognitive impairments in
aged monkeys and linking them to biological changes in the aged brain (e.g.,
Baxter, 2001a).

Innovation

In recent years, techniques have been developed to induce lesions in spe-
cific neurotransmitter systems or specific receptor subtypes. Some systems
can be targeted by metabolic toxins that are taken up through neurotrans-
mitter transporters and then kill the neuron through the generation of free
radicals. For example, one can selectively remove the influence of the 
neurotransmitters dopamine or serotonin by injecting 6-hydroxydopamine
(6-OHDA) or 5,7-dihydroxytryptamine, respectively, into a cortical field or
nucleus. A related agent, ethylcholine mustard aziridinium ion (AF64A),
has been developed for lesions of the cholinergic system, although its selec-
tivity for cholinergic neurons is not clear (e.g., Schliebs et al., 1996). These
methods often require adjunct treatment with drugs to prevent uptake into
unintended targets. Thus, if a selective dopaminergic lesion is desired, 
norepinephrine and serotonin uptake must be blocked to protect terminals
from 6-OHDA (Roberts et al., 1994).
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More recent approaches have involved the use of toxins bound to pro-
teins that permit the targeting of specific cell populations based on their
expression of cell surface receptors. Two general strategies are (1) to use an
antibody against a particular receptor to target cells expressing that recep-
tor; and (2) to use a peptide receptor ligand to target cells that express
receptors binding that peptide. For example, the immunotoxin 192 IgG-
saporin is composed of a monoclonal antibody to the low-affinity nerve
growth factor (p75) receptor, which is expressed on the surface of basal
forebrain cholinergic neurons as well as cerebellar Purkinje cells (Pioro and
Cuello, 1990a, 1990b), covalently bound to a molecule of saporin, a ribo-
some-inactivating protein. When injected into the cerebral ventricles, this
toxin produces an efficient lesion of p75 receptor–bearing cells (Wiley, 
Oeltmann, and Lappi, 1991; Heckers et al., 1994). Selective lesions of par-
ticular cell populations can be made by injecting the toxin into specific
nuclei, for example, within the basal forebrain of rats (Heckers et al., 1994;
Baxter et al., 1995), marmosets (Ridley et al., 1999), or macaques (Easton
et al., 2002), or into cortical regions innervated by cholinergic axons, which
also express the p75 receptor (Holley et al., 1994; Bucci, Holland, and 
Gallagher, 1998; Turchi, Saunders, and Mishkin, 2005). An example of the
second toxin strategy is the use of a molecule of substance P conjugated to
saporin, which produces selective lesions of substance P receptor–bearing
neurons (Wiley and Lappi, 1997; Mantyh et al., 1997), although as far as
we are aware this latter lesion strategy has not yet been applied in monkeys.

It is also possible to design DNA constructs that interfere with the
expression of particular membrane receptor molecules, a strategy recently
applied in a behavioral context in nonhuman primates by Liu et al. (2004).
The DNA constructs targeting either NMDA receptor subunit 2B (NR2B)
or dopamine D2 receptors were injected either separately or in combina-
tion into the entorhinal and perirhinal (i.e., “rhinal”) cortex of monkeys
that had been trained on a visual discrimination task in which visual cues
indicated how many trials they had to complete before reward was 
delivered. Once the cues were learned, monkeys displayed a pattern of 
performing fewer errors as they got closer to reward delivery. Injection of
D2-interfering constructs, like aspiration lesions of rhinal cortex, produced
a disruption in the relationship between error rate and distance from
reward. Unlike the behavior of monkeys receiving aspiration lesions,
however, that of the injected monkeys returned to its preinjection state after
a variable period of time (11–19 weeks). Presumably, as the effect of the
DNA construct wore off and D2 expression returned to normal, rhinal
cortex function was reinstated. The advantages of this technique include its
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reversibility, long-lasting action, and lack of tolerance (as might occur in
pharmacological approaches). Developments in related technologies, such
as RNA interference, promise rapid progress in these types of approaches
in the coming years.

Limitations

The main limitation of the standard, aspirative lesion technique is that it
can interrupt fibers of passage. This is nowhere better demonstrated than
by a consideration of the work on the neural substrates of visual recogni-
tion in monkeys, in which the initial conclusion that combined damage to
the amygdala and hippocampus was required to produce severe impair-
ments (Mishkin, 1978) took roughly 20 years to overturn (Murray and
Mishkin, 1998). It is now widely appreciated that, within the medial tem-
poral lobe, damage to the entorhinal and perirhinal cortex (regions imme-
diately subjacent to the amygdala and hippocampus) is both necessary and
sufficient to yield severe impairments in visual recognition memory as meas-
ured by delayed nonmatching-to-sample. This amazing reversal was pre-
cipitated by the inadvertent transection of temporal cortical efferent fibers
passing near the amygdala, and probably the hippocampus as well (Horel,
1978; Murray, 1992), which occurs during aspiration removal of these
structures. Although aspirative lesions of the cortical surface are less likely
to be subject to this problem of interpretation, the use of excitotoxins,
which largely spare axons passing near or through the site of cell loss, is
clearly the preferred method.

The interpretation of lesion effects is also limited on several other
levels. On a purely methodological level, it is essential to verify that the
lesion is actually doing what the experimenter thinks it is doing; generally,
this involves careful histological evaluation to confirm that the lesion is 
confined to the intended structure. If it is not, operated control groups
should be included to evaluate the effects of damage outside the region of
interest. In addition, verification includes confirmation of neurochemical
selectivity in the case of more refined techniques that seek to damage a par-
ticular cell population. For example, infusions of 192 IgG-saporin directly
into brain tissue may damage noncholinergic neurons if the dose and infu-
sion parameters have not been piloted carefully (for a discussion of method-
ological issues, see Baxter, 2001b).

On a more psychological level, a criticism commonly levied against
lesion studies is that, because they are examining the function of a damaged
system, they cannot be used to make inferences about functions of the intact
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brain. This is a legitimate criticism, but it must be remembered that the goal
of a lesion study is to ascertain whether a particular brain structure is essen-
tial for a particular psychological function. This cannot be determined
without damaging the structure in question to determine whether the func-
tion of interest is affected by such damage. A lesion may fail to have an
effect because the extent of damage to the structure is not sufficient to
produce impairment, a concern that can be addressed at least in part by
parametric variations of lesion size.

Both questions, whether and to what extent a particular brain 
structure is essential, can be considered with respect to human clinical 
conditions that the lesions might be modeling. If a particular disease state
produces a 70 percent depletion of a particular neurotransmitter in a certain
cortical area, which is thought to be associated with a particular cognitive
impairment, the finding that 80 percent experimental depletion of that 
neurotransmitter fails to produce cognitive impairment suggests that 
particular neurochemical deficit is not sufficient to produce the cognitive
dysfunction in question.

There are also questions of recovery of function. A permanent lesion
may have limited effects on a particular behavior because the effect of the
lesion diminishes with time, perhaps because the functions of the damaged
area can be taken over by other parts of the brain, or perhaps because dif-
ferent strategies can be developed to solve the tasks that are being exam-
ined (e.g., Lomber, 1999). Presumably, transient lesions or pharmacological
disruptions are less susceptible to these kinds of concerns because there is
not sufficient opportunity for compensatory brain mechanisms to engage
or for alternative behavioral strategies to develop. These are important 
considerations in the interpretation of data from lesion experiments. Once
again, it is probably worth noting that in many clinical conditions, damage
is permanent rather than transient. Thus permanent (as opposed to tran-
sient) lesions may represent better models of clinical brain damage. On the
other hand, transient lesion methods have a number of advantages, includ-
ing the possibility of repeated within-subject comparisons, as well as greater
temporal control over the induction of the lesion, such that particular
phases of processing in a task might be examined—for example, acquisi-
tion versus consolidation in a memory task.

Integration

We have argued that experimental lesion studies in nonhuman primates can
make unique contributions to cognitive neuroscience, and that technical and
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methodological advances in lesion production and behavioral testing have
increased their utility. Although we have commented on the usefulness of
making discrete lesions (anatomically and neurochemically) in nonhuman
primates as a supplement to the testing of human patients with brain
damage that occurs through injury or disease, we have not remarked on
the relative merits of lesion studies in nonhuman primates compared 
with the use of transcranial magnetic stimulation (TMS) in humans. TMS
permits the transient disruption (or augmentation) of neural activity within
a cortical area affected by the TMS probe. Obviously, the collection of data
from such temporary lesions on processing in the human brain is highly
desirable (see, for example, Stewart and Walsh, chapter 1, this volume).
Nonetheless, it is fairly clear that such a technique cannot, at present,
replace lesion studies in nonhuman primates. First, TMS is limited to brain
structures that can be accessed through the skull, which excludes all sub-
cortical structures as well as most of the orbital prefrontal cortex and ven-
tromedial temporal cortex. Second, the spatial extent of tissue that can be
affected by the TMS probe is limited. Third, as already mentioned, TMS is
susceptible to the same problems with interpretation as other transient
lesion methods: the disruption of neural activity in a limited area of 
neocortex for hundreds of milliseconds is not similar to the damage that
occurs in chronic neurological conditions. Nevertheless, the ability to
approach some kinds of experimental questions with TMS in humans,
rather than with lesions in monkeys, opens the door to replacing some kinds
of experiments using monkeys with experiments using human volunteers
instead.

With regard to the integration and combination of lesion studies with
other experimental modalities, there are at present few studies in nonhu-
man primates in which lesions have been combined with a physiological
measure of brain function, such as immediate early gene expression or unit
recording, although this approach has been used productively in rats (e.g.,
Vann et al., 2000; Schoenbaum et al., 2003). One could imagine, however,
that combining the use of selective cerebral lesions or disconnections with
these or other physiological measures such as fMRI in awake behaving
monkeys, together with sophisticated behavioral measures, might lead 
to greater understanding of how brain structures interact in cognition.
Although converging evidence derived from different techniques provides
the strongest evidence for brain-behavior relationships, as an essential
element in the armamentarium of reverse engineering, experimental lesion
studies remain a valuable tool in cognitive neuroscience.
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Cognitive Neuropsychology and Computational Modeling:
The Contribution of Computational Neuroscience to
Understanding the Mind

Glyn W. Humphreys, Dietmar G. Heinke, and Eun Young Yoon

Computational neuroscience attempts to use explicit, biologically inspired,
computational models to simulate, predict, and explain human perform-
ance. This chapter will review research using this approach to model neu-
ropsychological impairments, particularly those of visual object recognition
and attention. We argue that computational studies are able to go beyond
more traditional “box and arrows” models of cognition, particularly when
impairments result from interactions between different components within
a given cognitive system. Such studies provide an important means of
helping understand how mental function arises from complex neural 
networks.

Development

Cognitive neuropsychological research is concerned with understanding 
the cognitive impairments suffered by patients after brain lesions, and with
using data from such impairments to inform us about the processes that
contribute to performance in normal (intact) participants (Coltheart, 1984).
Neuropsychological studies can generate striking, and sometimes counter-
intuitive, dissociations between processes, adding to those gained from
behavioral and imaging procedures carried out with normal individuals. For
example, it remains the case that some of the strongest evidence that con-
strains our understanding of the processes involved in normal reading
comes from the study of acquired dyslexia. Here there is a double dissoci-
ation between phonological dyslexia (which entails impaired reading of
nonwords along with spared reading of irregular words) and surface
dyslexia (which can entail spared reading of nonwords along with impaired
reading of irregular words; see Beauvois and Derouesné, 1979; Funnell,
1983; Shallice, Warrington, and McCarthy, 1983). This double dissociation
has proved difficult to account for using “single route” models, especially
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when there are phonological dyslexic patients who seem to show poor com-
prehension for the irregular words they are able to name, arguing against
spared word reading based on access to semantic knowledge (see Funnell,
1983; Plaut et al., 1996). On the other hand, the neuropsychological data
are consistent with a “dual route” account which distinguishes between 
a lexical, knowledge-based reading process and a nonlexical, rule-based
process, with each syndrome being linked to damage to one of the two
routes: phonological dyslexia, to damage to the nonlexical route; surface
dyslexia, to damage to the lexical process (see Coltheart et al., 1993).

Principles

These examples of dyslexia also illustrate two of the fundamental assump-
tions typically made in cognitive neuropsychology modeling that have aided
interpretation of results (see Caramazza, 1986). One assumption is modu-
larity, which holds that a task such as reading can be broken down into a
set of component processes (e.g., access to the visual lexicon, access to
semantic knowledge, the application of nonlexical spelling-sound rules,
etc.), and that damage to any of these component processes will lead to an
individual having a reduced version of the normal system. Thus, in phono-
logical dyslexia, we witness the operation of a lexical reading route without
a contribution to pronunciation from spelling-sound rules, whereas surface
dyslexia performance is based on output from the spelling-sound rules
without a contribution from the lexical reading route. Inferences can then
be made about the nature of the impaired component processes, revealed
in the difference between the dyslexic patient’s performance and that of
normal participants. For example, we may assume that visual lexical access
is frequency sensitive, given that surface dyslexics may be more likely to
read high- than low-frequency irregular words, in cases where lexical rep-
resentations for high-frequency words are spared (Bub, Cancelliere, and
Kertesz, 1985). A second assumption typically made is that of transparency,
which holds that the symptoms that characterize a given neuropsychologi-
cal disorder are telling either about the underlying component process that
has been damaged, or about the spared normal process being used. For
instance, we use this assumption when we infer that the regularization
errors made by surface dyslexics when naming irregular words are indica-
tive of the nonlexical rules that determine reading when the lexical route is
damaged.

It can also be argued that the idea of modular cognitive systems was
greatly encouraged by the adoption of “box and arrow” theories developed
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in the 1970s and 1980s. Using these models, a given ability would be con-
ceptualized as representations constructed or accessed at particular stages
of processing, along with the processing “routes” that transform input from
one stage to the next (see, for example, figure 4.1). Neuropsychological syn-
dromes can be mapped onto such models by positing that a given repre-
sentation or processing route has been damaged in a particular patient.
What was especially noteworthy in the development of these models in the
seventies and eighties was the attempt to provide a detailed account of the
nature of the representations and processing routes involved. This distin-
guished the emerging work on cognitive neuropsychology from the con-
ceptually similar, but much more simplified, frameworks put forward by
the “diagram makers” at the very start of modern-day neuropsychology
(e.g., Lichtheim, 1885). To this day, cognitive neuropsychological theories
of performance, based on these articulated “box and arrow” frameworks,
remain a powerful influence on neuroscientific thinking.

Limitations

Nevertheless, there are important limitations to such theories, and to their
ability to account for neuropsychological impairments where performance
appears to emerge from interactions between separable components in the
processing system or where a given behavior may be caused by adaptation
or a strategy adopted post lesion. In the next section, we discuss two such
impairments that have been the focus of study in our laboratory: optic
aphasia (see Freund, 1889; Lhermitte and Beauvois, 1973) and visual
apraxia (see De Renzi, Faglioni, and Sorgato, 1982).

Optic Aphasia and Visual Apraxia

The term optic aphasia is used to describe a selective, modality-specific
impairment in naming visually presented objects. Naming in other modal-
ities (e.g., in response to touch, or to a definition) may be relatively intact.
In contrast to their poor visual naming, optic aphasic patients can very often
perform a gesture to show how an object would be used. Although this
good ability to gesture has frequently been interpreted as evidence for the
patient being able to access “semantic” knowledge about objects, so that
the problem is one of name retrieval, in at least three studies that have
closely examined the semantic knowledge available to such patients, per-
formance has been found to be impaired. Thus Riddoch and Humphreys
(1987) presented their male patient, J.B., with sets of three objects and
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Figure 4.1
“Dual route” model for naming English words. In this model, there are distinct
“lexical” and “nonlexical” routes for translating from spelling to sounds, each com-
posed of a variety of processes (e.g., orthographic lexicon, semantic system, phono-
logical lexicon, within the lexical route). The assumption of modularity holds that
one representation can be damaged without affecting the performance of inde-
pendent representations. Thus damage to a nonlexical route should not affect the
operation of the lexical route.



asked him to choose which two would be used together (e.g., hammer, nail,
wrench). J.B. performed poorly at this task when the objects were visually
presented. This was not due to a lack of semantic knowledge per se: J.B.
was at ceiling when he was given the names of the objects and asked to
make the same choice (see also Hillis and Caramazza, 1995; Yoon,
Humphreys, and Riddoch, 2005). Such results suggest that there was a
modality-specific problem in accessing semantics. Despite this, J.B. was
good at gesturing to visually presented objects. How could this be, given
that access to semantic knowledge was impaired? There are at least two
ways to think of this, and one way violates the idea that symptoms are
transparent. One account, that does fit the “classical” modular framework
for cognition (object naming in this instance), assumes that there exist sep-
arate “routes” from visually presented objects to action. A “semantic” route
would involve access to semantic knowledge from vision—much as one
would need to access semantic knowledge to access action from an object’s
name. Alongside, a second, “direct” route is assumed, based on associa-
tions between the visual representation of an object and an action (see, for
example, figure 4.2; Humphreys and Riddoch, 2003). In optic aphasia, the
direct route may continue to operate even if there is a modality-specific
problem in accessing semantic knowledge, with the result that gesturing is
relatively spared. Alternatively, though, the gestures made by optic aphasic
patients may reflect an adaptation on the part of the patient, using infor-
mation (and strategies) that are not normally involved when one acts with
objects. Hillis and Caramazza (1995), for example, proposed that such ges-
tures may be derived from partial semantic knowledge that the patient still
can access, coupled to a visual problem-solving strategy based on explicitly
working out how an object might be used, given its visual properties (see
also Hodges et al., 2000). If the latter holds, then the gestures made by such
patients are not “transparent,” and do not inform us about the processes
normally involved in retrieving actions to objects.

Take now the impairment visual apraxia, which is difficult to explain
in terms of standard modular theories. The term visual apraxia is used to
describe a selective, modality-specific impairment in acting with visually
presented objects, despite having intact recognition and, in some cases,
spared object naming (De Renzi, Faglioni, and Sorgato, 1982; Pilgrim and
Humphreys, 1991; Riddoch, Humphreys, and Price, 1989). The impairment
is again modality specific since the same patient may make a correct gesture
when given the names of objects. But this impairment can now be concep-
tualized in terms of a modular account of how one recognizes and acts with
objects, based on a “dual route” account of action (figure 4.2). For example,
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given that object recognition and naming can be spared, we would assume
that the semantic route would be operating, and that the problem lies within
the direct route to action from vision. If, however, the semantic route is
operating, then it is not clear why this route could not serve to enable the
patient to make gestures when objects are presented visually—much as we
would assume that the continued existence of the lexical route for reading
enables phonological dyslexic individuals still to read words. Thus simple
reduction of a proposed normal system fails to account for the data.

Innovation

These problems in the standard assumptions underlying much of cognitive
neuropsychology can be addressed, however, once we begin to develop
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Figure 4.2
“Dual route” model of action retrieval from visually presented objects, separating
a direct visual and an indirect (semantically) mediated route to action. The model
also proposes that access to object names from vision is semantically mediated (after
Riddoch, Humphreys, and Price, 1989).



working computational models of performance—particularly, we believe,
where the models incorporate some aspects of biological neural systems.
Our own work on this topic has focused on the use of artificial neural net-
works that capture some of the dynamic properties of real neural systems—
where whole system performance emerges from local interactions between
large numbers of processing units (see McClelland and Rumelhart, 1986;
Rumelhart and McClelland, 1986). Due to this interactivity, there can be
emergent effects on performance that would not be predicted using a stan-
dard, modular “box and arrow” framework, even if there is some degree
of functional specialization within a given system. Furthermore, within a
dynamic model, the effects of a brain lesion may not be simply to reduce
the normal system but to change the nature of the interactions between
component processes. This turns out to be important to account for some
neuropsychological impairments such as visual apraxia.

To provide a framework for understanding both intact and impaired
abilities both to name and to retrieve actions associated with objects, we
developed the “Naming and Action Model” (NAM). (Yoon, Heinke, and
Humphreys, 2002). Having a quasi-modular structure composed of input
(perceptual), semantic, and output (name and action response) units, the
NAM is arranged in an architecture that conforms to a “dual route” model
of name and action retrieval from objects (see, for example, figure 4.3).
Input to the NAM, provided by objects, conforms to a description sensi-
tive to the presence of object features (the number of straight and curved
lines, the length and width of the object) in relation to the viewpoint. At a
semantic level, units correspond to the specific item and to its superordi-
nate category. At an output level, different sets of units serve to categorize
the object either in terms of its name (hammer vs. pen) or the action typi-
cally performed (e.g., hitting vs. writing). Input is also provided by words,
through an orthographic perceptual recognition system. For both words
and objects as input, both names and actions can be accessed via the seman-
tic system (the semantically mediated route to naming and to action); there
are also different “direct” routes, from words to names (see Funnell, 
1983) and from structural descriptions for objects through to action. At
each level, a winner-take-all selection process operates, with the network
“relaxing” over time, to achieve activation for the output units correspon-
ding to a particular name or category of action. This winner-take-all selec-
tion process is based on activation values being passed continuously
between local processing units. Thus, even though the NAM has structural
modularity, outputs from the models are contingent on interactions between
modules.
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Consider how actions are selected in NAM. Activation of the action
classification units is determined by joint activity coming from both the
semantic and direct routes to action. Rapid activation, coming through the
direct connections from the structural description system to the action
system, “push” activity states in the action units toward a “basin of attrac-
tion,” which constitutes a steady state of activity at this level. This activa-
tion then converges with activity arising out of the semantic units, to
generate selection of the appropriate action to an object.

Now consider the effects of damaging the connections from the struc-
tural descriptions to the action units, so that relatively “noisy” activity is
transmitted along the “direct” route. Instead of pushing output activity
toward a basin of attraction, this noise can move activity away, disrupting
activation at an output stage. This disruption, it is important to note, can
occur even if the semantic route to action is operating normally, and even
if this semantic activity is sufficient to generate the correct output response
in the absence of any “direct” input—as would be the case if participants
were required to make actions to words in the absence of any object.

Figure 4.4 shows that symptoms of either optic aphasia or visual
apraxia emerge in the NAM, according whether a lesion is applied to the
direct route for action (simulating visual apraxia—lesion V-A), or from
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Figure 4.4
Data on action classification to objects and words, along with name retrieval to
objects following simulated damage to the direct visual (V-A) and indirect seman-
tic routes to action (V-S), in the Naming and Action Model (NAM; after Yoon,
Heinke, and Humphreys, 2002). There is better action retrieval to objects after the
V-S lesion than the V-A lesion, but better visual access to object names after the 
V-A than the V-S lesion. In both cases, action retrieval to words is spared.



visual input into the semantic system (simulating optic aphasia—lesion V-
S). When there is impaired access to semantics (lesion V-S), there is impaired
visual object naming relative to when there is damage to a direct visual
route to action (lesion V-A), whereas the opposite pattern occurs when the
task requires action retrieval (performance is worse after lesion V-A than
after lesion V-S). Visual apraxia emerges from damage to the direct route
here because noisy outputs from this route effectively disrupt the activity
coming from the semantic routes. Due to the interactivity in the system,
there is not merely loss of the direct route, but also a change in the way
that semantic activity influences action selection. On the other hand, when
no activity is generated in the damaged visual route (e.g., when the task is
simply to retrieve an action given the name of an object), activation from
the semantic route is sufficient to allow action selection to be successful.
That is, there is action retrieval from a name but not from an object. This
is precisely the pattern of performance that violates the assumption of mod-
ularity typically made in cognitive neuropsychology. The NAM also simu-
lates optic aphasia, following damage to input coming into the semantic
system from vision (lesion V-S). This simulated lesion leads to problems in
semantic access from vision, a pattern consistent with the neuropsycholog-
ical data (Hillis and Caramazza, 1995; Riddoch and Humphreys, 1987).
Despite this, actions can be accessed more accurately than names from
objects due to the continued operation of the direct route to action. In this
case, the direct route provides an early “push” toward correct categoriza-
tion in the action system, so that noise within the semantic route to action
is not too disruptive for performance.

A model such as the NAM can of course prove only that a system
with its architecture and processing dynamics can generate the two con-
trasting patterns of performance characteristic of optic aphasia and visual
apraxia. The question remains whether observations such as the good ges-
turing in optic aphasia reflect the operation of a preserved direct route to
action (as suggested by the NAM), or whether they reflect a strategic adap-
tation on the part of patients, who use visual problem solving combined
with partial semantic knowledge to act with objects (is there a “nontrans-
parent” pattern of performance?). This question might be answered by
looking in greater detail at patient performance—for example, by measur-
ing the time taken by a patient to retrieve and enact a gesture, compared
with normal participants. Here one might expect any strategic, problem-
solving process to be relatively slow. Such predictions are not straightfor-
ward, however. Thus, although the NAM can select an appropriate action
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to an object after lesioning visual access to semantics, the latency of action
retrieval is slowed (see Yoon, Heinke, and Humphreys, 2002; figure 4.5).
The NAM also predicts that the latency of action retrieval will be disrupted
in optic aphasics. Another way to distinguish between these accounts needs
to be found. One way is to look for converging evidence coming from
normal participants. For example, it seems unlikely that normal participants
would have to use explicit problem-solving strategies to make gestures to
objects, given that their ability to act on the basis of semantic knowledge
is intact. These results are consistent with NAM rather than with the sug-
gestion that performance is nontransparent, reflecting strategic adaptation
on the part of optic aphasic patients. Perhaps an even more important point
is that having an explicit model of performance enables normal as well as
abnormal performance to be simulated, so that convergent predictions can
be assessed and notions about transparency tested.
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Integration

One complaint sometimes made by nonneuropsychologists about using neu-
ropsychological data for building and testing theories is that, in some areas,
there seem to be a bewildering number of dissociations—often between
single patients—making it appear as if any arbitrary pattern of deficit could
arise following a brain lesion. In such cases, it is tempting to think that dif-
ferent deficits stem from idiosyncratic learning experiences or from the prior
interests of the patient, and thus are not informative about the general cog-
nitive architecture of the mind. A particular example here comes from the
disorder of unilateral visual neglect, where patients fail to respond to stimuli
presented on the contralesionsal side of space following their brain injury
(e.g., Heilman, Watson and Valenstein, 1985).

Humphreys and Riddoch (1994, 1995) examined a male patient, J.R.,
who had sustained bilateral damage to his parietal cortex as well as his
right cerebellum, following multiple strokes. In an initial test, J.R. was
asked to read words and nonwords positioned randomly on a page. J.R.’s
pattern of performance is illustrated in figure 4.6. What was interesting was
that, when J.R. misidentified a particular stimulus, the errors were more
pronounced at the left ends of the strings. Also, these misidentification
errors were more pronounced on nonwords than on words (i.e., they
appeared to be affected by top-down knowledge). In contrast, he made com-
plete omissions of some stimuli that fell on the right side of the page, omis-
sions not affected by the lexical status of the letter string. These apparently
opposite forms of neglect occurred not only when J.R. was asked to read,
but also when he was asked to name pictures on a page: he continued to
make right-side omissions, typically misidentifying the rightmost features
of the objects pictured, and neglecting the leftmost features. Thus, when
identifying single items, J.R. seemed not to “weight” the left-side features
strongly, whereas he appeared not to “weight” the right side of space
strongly when scanning multiple objects pictured on a page. These two
deficits may stem, respectively, from the right- and left-parietal lesions in
J.R.’s case. To make sure that omissions were not being made simply
because the stimuli fell into a blind area of field, we conducted a further
study where, using the same stimuli, we tried to bias J.R. to code visual ele-
ments as a single object or as multiple, separate objects. We presented him
with words and nonwords in large print, so that they spanned the width of
an A4 page. We then asked him either to read the whole stimulus or to read
out the letters making up the stimulus. When asked to read the whole word,
J.R. made left-side errors, typically misidentifying the letters present (e.g.,

82 G. W. Humphreys, D. G. Heinke, and E. Y. Yoon



“LIGHT” as “might”). In contrast, when required to identify each letter in
turn, he made right-side omissions (e.g., “LIGHT” as “l,” “i,” “g,” “h”).
In this instance, when reading individual letters he omitted letters on the
right he had previously read when processing the whole stimulus, whereas
he correctly identified letters on the left he had previously misidentified.
These results indicate that the spatial positions of the elements in the world
are less crucial than the way that the elements are represented for the task
at hand. There appear to be separate spatial representations of parts within
objects and of the relations between independent objects. These different
spatial representations are separately affected in patient J.R., namely, there
is left neglect of within-object space, and right neglect of between-object
space. Humphreys and Riddoch (1994, 1995) termed these spatial repre-
sentations within- and between-object codes, respectively. How are we to
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understand the relations between these codes? We believe that capturing
such patterns of results within an explicit model of performance can greatly
help us conceptualize how different disorders can emerge, perhaps after
lesions to different loci in a processing system.

The “Selective Attention for Identification Model” (SAIM; Heinke
and Humphreys, 2003) provides an example of this because it generates an
explicit account of how within- and between-object neglect can emerge in
a framework in which the two codes are used for specific computational
purposes. Like the NAM, the SAIM is a quasi-modular model, with inter-
actions within and across the several modules of its structure generating
dynamic and interactive performance (see figure 4.6); its aim is to achieve
translation-invariant object recognition. It does this by mapping input from
any lateral position on the retina into a “focus of attention” (FOA) that
has a fixed size based on one object. Recognition units, at the higher end
of SAIM (“template units” in the “Knowledge network”) then respond to
the presence of active pixels at particular locations in the FOA, but since
these pixels are activated from across the retina, the recognition process is
translation invariant. Activation in the FOA is itself controlled by two net-
works: the “Contents network” and the “Selection network.” The contents
network can be thought of as a connection matrix specifying all possible
relationships between locations on the retina and locations in the FOA. A
high level of activation in one unit in the contents network instantiates a
particular correspondence between a given retinal location, and a given
location in the FOA. The role of the selection network in the model is to
gate activity in the contents network, enabling activity to be passed on from
some but not other units in the contents network. This “selects” which
mapping is implemented from the retina to the FOA. Through bottom-up
activation in the contents and selection networks, a given stimulus will be
mapped through to the FOA. In addition to this bottom-up form of oper-
ation, however, activation can also be conveyed in a top-down manner, from
the knowledge network down to the selection network—essentially biasing
activity in the selection network to favor known over unknown stimuli.
Finally, once a stimulus has been selected in the focus of attention and iden-
tified in the knowledge network, the SAIM utilizes a form of “inhibition of
return” (Posner and Cohen, 1984) to allow new (unselected) stimuli to be
identified. In this process, the representations of an identified stimulus are
inhibited, including the positions where the stimulus fell in a “map of loca-
tions” (see figure 4.6). This in turn allows previously unselected items to
then win the competition for selection, so that the SAIM’s “attention”
moves from one object to the next.
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The heart of the SAIM’s ability to select between multiple inputs is
the selection network, which identifies one object at a time. This network
is shown in simplified form in figure 4.7, where we depict a one-
dimensional input from the retina being mapped, through the selection
network, onto a one-dimensional representation of units in the focus of
attention. Within the selection network, each unit along a row corresponds
to a different (but neighboring) location in the visual field, and the units
along one row all map onto a single location in the FOA; units along a row
compete to control the mapping from the visual field onto one position in
the FOA. In contrast, each unit along a column of the selection network cor-
responds to a different location in the FOA, and the units along a column
all correspond to a single location in the visual field; units along a column
compete to control the mapping from one position in the visual field onto
the FOA. These competitive interactions are based on inhibitory connections
between neighboring units along each column and row. In addition, units in
the selection network are mutually excitatory if they support mappings from
locally neighboring units in the visual field onto locally neighboring units in
the FOA, illustrated in figure 4.6 by excitatory connections between units
that lie along the diagonals of the selection network. These local connec-
tions, then, can be thought of as embodying various constraints about how
spatial mapping should operate—for example, that one unit in the visual
field should not map onto more than one location in the FOA, and that
neighboring units in the field should map onto neighboring units in the FOA.
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Figure 4.7
Illustration of the Selection network in SAIM. Input from the visual field is depicted
by the bottom row of units; the focus of attention (FOA) is depicted by the verti-
cal row of units on the left. Double-headed arrow indicates an excitatory connec-
tion; bar between solid dots, an inhibitory connection.



When two objects are presented on the SAIM’s retina, local units support
one another, but more distant units are not mutually supportive and instead
set up competition to control the mapping from different parts of the field
onto the focus of attention. Objects may “win” this competition either by
having stronger bottom-up activation (e.g., if one object is larger than
others), by having more elements packed around their center of gravity
(since such units form mutually supportive alliances), or by receiving
stronger top-down support from the knowledge network (based either on
an expectation formed before stimuli are presented or based on partial acti-
vation of the knowledge network before selection has been completed).

These points are illustrated in figure 4.8, where we show the activity
in the SAIM when two objects are presented (in this case a “+” and a “2”).
Figure 4.8 presents activity at different time intervals in the focus of atten-
tion, as well as the activity that builds up (and is inhibited after recogni-
tion) in the knowledge network. In this simulation, the “+” is first selected
in the FOA, and activation in its template increases to threshold level—the
“+” is both attended and recognized. In this example, the “+” is attended
first because it enjoys greater bottom-up support from the pixels sur-
rounding its center of gravity. Following this, representations for the “+”
are inhibited. When processing continues, there is then a competitive advan-
tage for the “2” over the “+,” so that the “2” then comes to be attended
and identified. The stimuli are processed in parallel, but there is selection
of one object at a time for the response.

Within the framework presented by the SAIM, unilateral neglect can
come about by lesioning the selection network. Heinke and Humphreys
(2003) examined two different forms of lesioning. One form, which they
termed a vertical lesion, affected units responding to input coming from one
side of the visual field (e.g., all the units on the left side of the connection
matrix presented in figure 4.7). This meant that activity in these units suf-
fered a competitive advantage relative to units in the selection network
responding to input present in the opposite (ipsilesional) side of the visual
field. When two objects were presented, the ipsilesional object was typically
attended first, even if the bottom-up input based on the shape alone would
favor the stimulus presented in the contralesional field. Figure 4.9a illus-
trates performance of the model after a “vertical lesion” affecting the left
side of the selection network. Although SAIM normally has a bottom-up
preference for the “+” over the “2” (figure 4.8), after lesioning, the model
selects the “2” first if this item falls in the ipsilesional field and the “+” in
the contralesional field. Furthermore, even after selecting the “2,” the model
has difficulty in selecting the “+,” in part because any spatial distortion in
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mapping the “2” onto the focus of attention tends to make it difficult to
inhibit the stimulus, and in part because the competitive advantage for the
“+” is difficult to suppress. Hence only the “2” is attended in this example.
And since SAIM selects and identifies the contralesional “+” when it is the
only object present (figure 4.9b), this does not represent simply a neglect
of the contralesional part of the visual field. There is a relative neglect of
the more contralesional of two separate objects: there is neglect between
separate objects.

A different pattern of impairment was evident, however, when a “hor-
izontal” lesion was induced, for example, affecting the units in the topmost
rows on the selection network. Units in each row of the selection network
map are projected from across the visual field, but they map onto one unit
in the FOA. Thus a horizontal lesion affects the mapping onto one part of
the FOA and does so in a translation-invariant manner. In figure 4.10, the
SAIM is presented with two stimuli after a “horizontal lesion” has been
induced in order to disrupt access into the left side of the FOA, resulting
in a form of sequential neglect for the left parts of both stimuli, which
affects even stimuli in the ipsilesional visual field (although, in this case, the
model is able to map both stimuli onto the FOA, in every case, there is poor
representation of the leftmost pixel; see Gainotti et al., 1986). Thus a hor-
izontal lesion generates a form of “within-object neglect.”

These simulations demonstrate that the SAIM can produce the disso-
ciating pattern of deficits found in neglect patients, a pattern that emerges
as a natural consequence of the way that stimuli are mapped onto an FOA
to achieve translation-invariant object recognition. They suggest that 
dissociations between within- and between-object neglect are not arbitrary,
but rather can be expected as a function of the particular brain lesion affect-
ing a patient. Indeed, by combining the horizontal and vertical lesions in a
single simulation, Heinke and Humphreys (2003) were able to demonstrate
that there could be left neglect of within-object representations, along with
right neglect of between-object representations, in a single simulation—the
pattern observed in patient J.R. (Humphreys and Riddoch, 1994, 1995).
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Figure 4.9
(a) Activity in SAIM after a “vertical” lesion has affected the left side of the selec-
tion network, when two stimuli are presented. (b) Activity in the SAIM following
the same lesion as in (a) when a single stimulus is presented in different positions
of the field. In this last case, the “+” is always attended, although the time to be
attended (time FOA) amd to be identified (time template) varies across the field
(slower on the left).
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Bringing order out of the seeming chaos of empirical results, the SAIM
shows how explicit computational models can capture rich patterns of data,
although, as we have noted with the simulations of the NAM, the fact that
a model can simulate a set of results does not of course prove that the model
is correct. Nevertheless, it should be noted that the dissociations between
within-object and between-object neglect are not at all easy to simulate in
other models that do not employ SAIM’s architecture.

Due to its use of top-down activity, SAIM is also able to simulate
results showing that there is reduced neglect of known versus unknown
objects (Humphreys and Riddoch, 1994, 1995). In figure 4.11a, we provide
an illustration of the SAIM’s performance when it is given separate tem-
plates for each of two letters (“I” and “T”) and it is lesioned to produce
left-side neglect. When presented with two stimuli, there is neglect of the
leftmost object. In this case, the “T” was selected first, and then reselected
as this letter continued to win the competition for selection over the “I.”
In figure 4.11b, we demonstrate performance in the model when a third
template is added, corresponding to the word “IT.” Now the model is able
to recover both of the letters present, even though it still has templates for
each individual letter, and thus could be biased to identity the “T” and not
the whole word. Top-down activation, from the word template, helps to
bias attention to cover both of the letters present, so that both can be
attended. In this case, though there is a deficit at a stage that produces input
into the knowledge network, interactivity between the knowledge and selec-
tion networks affects activity at the earlier stage. Because the model has
structural modularity, a lesion can be selectively induced within the selec-
tion network, but its operation is nonmodular and interactive. We suggest
that this property of neural network–like models is useful for capturing
some of the complexity of neuropsychological data.

Although we have presented a case for using biologically inspired
models to simulate both normal and neuropsychological data, other kinds
of models can also play a useful part in improving our understanding of
neurological impairments. As one example, the formal mathematical model
of attention provided by Claus Bundesen’s theory of visual attention (TVA)
proposes that visual selection is based on parallel competition between
stimuli to map onto templates, which, once represented in visual short-term
memory (VSTM), are made available for report. This competition is said
to be influenced by a number of parameters including the strength of the
sensory signal, the speed of processing, the attentional weight that may 
be applied to stimuli as a function of their relevance to the task, and the
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capacity of VSTM. Duncan et al. (1999, 2003) and Habekost and Bunde-
sen (2003) have applied fits of the parameters in TVA to the performance
of brain-lesioned patients when asked to report either all or a subset of
letters present in multiletter displays (on whole- and partial-report tasks;
see Sperling, 1960, 1967). The parameters were specific to whether stimuli
appeared in the ipsi- or contralesional fields. Duncan et al. (1999), found
that patients with unilateral parietal damage had altered parameters for the
rate of stimulus encoding and for VSTM capacity for stimuli in both visual
fields, not just for items appearing on the contralesional side. This may in
part explain reports of patients showing not only contralesional neglect but
also neglect of ipsilesional items when their attention is drawn to the con-
tralesional side (e.g., Robertson, 1989). Further insights using this approach
have been gained into understanding the neuropsychological disorder of
“simultanagnosia,” in which patients seem impaired at responding when
multiple stimuli are presented simultaneously to them (e.g., Kinsbourne and
Warrington, 1962). The factors that generate this disorder remain poorly
understood, with arguments ranging from impaired integration of infor-
mation in VSTM (Coslett and Saffran, 1991) to impaired application of 
an attentional spotlight to space (Treisman, 1998). Analyzing whole- and
partial-report performance in terms of Bundesen’s theory of visual atten-
tion, Duncan et al. (2003) showed that the major parameter change was in
the “rate of processing” parameter, and suggested that drastic slowing of
processing would lead to many of the phenomena associated with simul-
tanagosia, in which only the most dominant visual elements are reported.

The approach taken in applying TVA to neuropsychological data is
both like and unlike that taken in modeling performance with artificial
neural networks. In both approaches, experimenters take a well-specified
model that provides a fit to normal data, and then use parameter changes
after a brain lesion to account for a disorder. With TVA, they use the data
to derive the parameters (and the parameter change, when present). In
neural network modeling, they typically change the parameters (e.g., adding
noise to an activation function or removing units) and then assess the effects
on output. The artificial neural network approach offers the possibility of
emergent behaviors not specified in the original parameter setting, which
may be linked to human disorders, although there is the inherent problem
of finding the appropriate parameter change, a problem by-passed in math-
ematical modeling.

We argue that artificial neural network models such as the NAM and
the SAIM, where both the representations and the parameters are set by the
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experimenters, help us understand disorders that are difficult to account for
in terms of standard “box and arrow” models, where strict modularity is
assumed. One of the attractions of neural network modeling is that networks
can learn the internal representations required to transform a given input
into an output. Especially where learning takes place within a quasi-regular
environment, and there is some systematicity in the relations between inputs
and output, models that incorporate learning can generate interesting emer-
gent properties, which can in turn provide insights into neuropsychological
disorders. One example here would be the model of word naming designed
by Plaut et al. (1996). In one version of this model input was provided by
units representing orthographic properties of stimuli. A second input corre-
sponded to a semantic representation of a word. The contribution of the
semantic input was fixed over time, but that of the orthographic input varied
and was subject to learning, in which the connections between the ortho-
graphic and phonological units were altered using a form of backpropaga-
tion (Hinton, 1989). Relative to when learning took place without the
semantic input, Plaut and colleagues found that, in the “dual route” version,
the “route” mapping orthography onto phonology became more specialized
for regular spelling-sound correspondences, with the naming of irregular
word more dependent on the semantic route. Lesioning the semantic route
then gave rise to a strong pattern of surface dyslexia, in which both regular
words and nonwords were produced correctly (where the nonwords had
highly regular spelling-sound correspondences), whereas irregular words
were selectively impaired. This simulates patterns of “pure” surface dyslexic
reading (Shallice, Warrington, and McCarthy, 1983) that have been difficult
to simulate in “single route” models incorporating only a single pathway
between orthography and phonology (e.g., Patterson, Seidenberg, and
McClelland, 1989). For Plaut et al. (1996), there was a division of labor
between the semantic and orthographic routes for reading as learning took
place, so that a more “regularized” representation was developed than when
a single route was used. Clearly, it is of interest to examine how learning may
interact with structural constraints in an artificial neural network, to gener-
ate forms of representation that are “tuned” in different ways.

Plaut (2002) used a distributed “semantic” network with a two-
dimensional topology to learn mappings between a variety of input stimuli
and output tasks (vision and touch as input, naming and gesturing as
output; see figure 4.12). The model had a topological bias, in which short
connections were favored over long connections (the magnitudes of the
changes made to connect weights during learning were greater for short

95 Cognitive Neuropsychology and Computational Modeling



connections than for long connections; see also Jacobs and Jordan, 1992).
With this bias, units in the semantic network that were close to a particu-
lar input or output modality were strongly weighted to achieve a particu-
lar (modality-specific) mapping, whereas units that were more distant from
the different input and output modalities played a more “multimodal” role,
and were not differentially involved in particularly input-output mappings.
It followed that lesions to the network generated different patterns of per-
formance depending on which units were affected. For example, a pattern
of optic aphasia arose (i.e., impaired naming but not gesturing to visually
presented objects) from damage to connections to semantic units special-
ized for mapping visual input onto names (e.g., units in the lower left region
of the two-dimensional semantic space in figure 4.12). Problems in gestur-
ing to visual input (i.e., the pattern of visual apraxia) were apparent after
damage to connections to units specialized for mapping between visual
input and gestural output (i.e., units in the upper left region of the seman-
tic space shown in figure 4.12). Such lesions thus produce a pattern of per-
formance not unlike that of the “dual route” NAM, with functional
specialization in the distributed network developing because of the topo-
logical constraints (indeed, in control simulations, when the constraints
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were eliminated, the same patterns of performance did not arise). One dif-
ference between NAM and the structured, distributed semantic model of
Plaut (2002) is that, in the NAM, visually presented objects must be named
through the semantic system—there are no direct connections from visual
structural representations of objects to names. In contrast, in Plaut’s model,
some units can specialize for mapping from vision to names, and indeed
lesioning of these units tended to produce optic aphasia. On the other hand,
evidence is weak for “direct visual naming of objects” (e.g., instances where
patients name an object but cannot retrieve other semantic knowledge; see
Hodges and Greene, 1998; Humphreys and Forde, 2005). Thus there is no
independent support for the argument that there can be neural specializa-
tion for “direct” mapping from vision to names.

Conclusion

Neuropsychological research can provide striking insights into the nature
of mental processes, teasing apart processes that are functionally inde-
pendent of one another. There are instances, however, where the historical
assumptions, used to guide theorizing, cannot easily account for some neu-
ropsychological disorders (e.g., visual apraxia). We have argued that, by
contrast, explicit computational (and mathematical) models can capture
forms of interactivity between processing modules that turn out to be
important for understanding human performance. Such models can also
provide a framework both for understanding the relations between differ-
ent neuropsychological disorders and for generating formal accounts of
how a brain lesion can selectively affect different processing parameters.
Such formal accounts have yielded new insights into the nature of particu-
lar disorders. Moreover, the emergent properties of models that incorpo-
rate learning and biological constraints into their learning functions can aid
our understanding of the relations between brain structure and cognitive
function. Computational studies are thus an important tool for cognitive
neuroscientific analysis of brain and mind.
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Skin Conductance: A Psychophysiological Approach to the
Study of Decision Making

Nasir H. Naqvi and Antoine Bechara

Overview

Over the last century, psychologists have applied a range of physiological
techniques to the body in order to infer the functions of the brain, an
approach that is broadly referred to as “psychophysiology.” Until the
advent of functional neuroimaging, psychophysiological techniques, espe-
cially those which measure the functions of the autonomic nervous system,
were considered the primary means for addressing the neural processes
underlying emotion, attention, learning, and memory. The general philo-
sophy of such an approach is that autonomic responses that reflect cogni-
tive processes are epiphenomenal to the processes themselves; changes in
the body are not viewed as necessary for mental processes to be executed—
they merely exist as conveniently measurable vestiges of our visceral 
evolutionary history.

The embodied view of cognition holds that the body and its central
representations form the basis for the meaning that we attribute to objects
and events in the world (Lakoff and Johnson, 1999). A more specific frame-
work, originally proposed by William James (1884), holds that subjective
emotional feeling, a type of meaning, is derived from the bodily conse-
quences of the perception of objects or events that have some innate or
acquired relevance to survival. This framework places a special emphasis
on the role of the viscera, that is, the tissues that are innervated by the 
autonomic nervous system, holding that changes within the viscera are 
intimately linked to the expression of emotions, and that the sensory 
representations of such visceral changes are essential neural substrates for
feeling emotions. More recently, feelings derived from visceral states have
come to be considered a central component in the execution of highly
complex, goal-oriented behavior (Nauta, 1971; Damasio, 1994). Within
this framework, visceral responses are not merely vestiges of our 
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evolutionary past; they are integral components of our rationality, social
behavior, and ethics. Accordingly, because it provides information about
cognitive processes that cannot be ascertained by any other technique, the
psychophysiological measurement of visceral change is an integral tool in
the study of cognition, especially cognition of stimuli that guide the making
of choices.

This chapter describes how the measurement of a particular type of
visceral change, the skin conductance response, can be used to address how
humans attribute value to the choices we make. After reviewing the phys-
iological mechanisms that control skin conductance, it describes how we
have measured skin conductance in our laboratory. By no means a com-
prehensive discussion of skin conductance methodology, the description is
meant rather to allow experimenters unfamiliar with the technique to repli-
cate our procedures and to extend our methodology into new areas that
build upon the principles described below. By presenting the results of our
experiments using skin conductance to probe the neural underpinnings of
decision making, we hope to illustrate how psychophysiological techniques
such as the measurement of skin conductance can be used both to address
normal decision making and to characterize the deficits in decision making
that result from damage in brain areas that integrate visceral states into
goal-directed behavior.

What Is Skin Conductance?

One of several different forms of electrodermal activity, skin conductance
refers the degree to which the skin permits the flow of current, and is related
to the degree of eccrine sweating, that is, the secretion of electrolyte solu-
tion by sweat glands. Skin conductance is measured by applying a small
voltage across two electrodes and measuring the resulting current that flows
between them. The amplitude of this current is proportional to the skin
conductance. Other forms of electrodermal activity include skin resistance
(the reciprocal of skin conductance) and skin potential. Skin conductance
is the most commonly measured form of electrodermal activity because it
is the easiest to measure, and will be the focus of this chapter. The unit of
skin conductance is the microsiemens (µS), which is the reciprocal of the
kilohm (kΩ).

Although skin conductance is typically measured from the palms of
the hands (palmar skin conductance), it can also be measured from the soles
of the feet (plantar skin conductance) when the palms are not accessible.
The palms and soles, collectively referred to as the “volar surfaces,” are
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unique in that eccrine sweating in these areas is related to mental processes,
as opposed to thermoregulation (Kuno, 1956; Boucsein, 1992). These areas
are also easily accessible and possess a high density of eccrine sweat glands.
Volar sweating is thought to have arisen in evolution as a means of facili-
tating tactile interaction with the environment. Thus, for example, sweat-
ing can increase tactile friction, enhancing the ability to grasp objects
(Darrow, 1933); moreover, sweating may also protect the volar surfaces
from abrasive injury (Wilcott, 1966). Volar skin conductance may there-
fore reflect mental preparation to bring objects closer to the body
(approach) or to deflect objects away from the body (avoidance).

What Are the Physiological Mechanisms That Control Skin Conductance?

Eccrine sweating is under the exclusive control of the sympathetic 
nervous system (SNS), which is a branch of the autonomic nervous 
system. The peripheral neurons of SNS originate in the intermediolateral
cell column of the thoracic and lumbar segments of the spinal cord and
project to sympathetic ganglia. Here they release acetylcholine, which
excites postganglionic neurons through nicotinic acetylcholine receptors. 
In general, postganglionic sympathetic axons exert their effects on their
targets by releasing epinephrine (adrenaline). Eccrine sweating is unique
among sympathetically controlled functions in that the postganglionic
neurons that innervate eccrine sweat glands release acetylcholine, which
binds to muscarinic acetylcholine receptors on the sweat glands. Thus 
any drug that agonizes or antagonizes peripheral nicotinic or muscarinic
cholinergic neurotransmission has the potential to alter eccrine sweating,
irrespective of its effects on the central nervous system. This includes both
many drugs that are used to treat psychiatric disorders and many that are
abused.

Much of the original work on the central control of eccrine sweating
was undertaken in cats (for review, see Sequeira-Martinho and Roy, 1993);
it focused largely on the functions of the anterior hypothalamus, which
receives information both from thermosensory areas within the hypothala-
mus and from telencephalic areas that mediate higher-order sensory and
motor functions. The anterior hypothalamus in turn exerts control over
preganglionic sympathetic neurons in the intermediolateral cell column of
the spinal cord. The central control over eccrine sweating can be thought
to consist of (1) a “lower” system in the brain stem and hypothalamic area,
which governs reflex and thermoregulatory control over eccrine sweating;
and (2) a “higher” system in the telencephalic areas, including limbic-motor
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integration centers such as the amygdala, the hippocampus, the basal
ganglia, and the prefrontal cortex, which mediates cognitive processes and
modulates emotional sweating—and which engages the lower system. Exist-
ing for a variety of visceromotor functions, this mode of connectivity facili-
tates the integration of the visceral state into the planning and execution 
of behavior (Nauta, 1971; Damasio, 1994); indeed, it may have implica-
tions for how visceral responses, including skin conductance response, are
deployed in the service of higher cognitive functions, such as decision
making.

Earlier lesion studies in severely brain-damaged humans have demon-
strated that the telencephalic areas involved in controlling skin conductance
include the prefrontal cortex, especially the orbital prefrontal cortex (Luria,
Pribram, and Homskaya, 1964; Luria and Homskaya, 1970; Luria, 1973)
as well as the amygdala (Lee et al., 1989). Later studies examining the
effects of more restricted brain damage have demonstrated that the amyg-
dala and prefrontal cortex play a role in generating skin conductance
responses to stimuli with emotional significance (Tranel and Damasio,
1994; Zahn, Grafman, and Tranel, 1999), including stimuli that have
acquired emotional value through classical conditioning (LaBar et al., 1995;
Bechara et al., 1999), but that these regions are not necessary for the gener-
ation of skin conductance responses to nonemotional stimuli, including
reflex responses to deep breaths (Tranel and Damasio, 1994) and orienting
stimuli (Tranel and Damasio, 1989). This suggests that the visceromotor
functions of the amygdala and prefrontal cortex are related specifically to
their role in cognitive and emotional processes.

How Is Skin Conductance Recorded?

The procedures used in our laboratory to acquire skin conductance data
are adapted from the recommendations of Fowles et al. (1981). For a more
thorough review of the technical aspects of skin conductance recording, we
refer readers to an excellent volume by Boucsein (1992).

Our laboratory uses the Biopac system (manufactured by Biopac, Inc.,
Santa Barbara, California) for all psychophysiological data acquisition and
analysis. Although we measure multiple physiological channels, including
skin conductance, electrocardiogram, respiration, facial electromyogram,
electrogastrogram, and finger temperature, our discussion will be restricted
to the measurement of skin conductance. This system includes a transducer-
amplifier for skin conductance, an interface module, an analog-to-digital
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converter, and a computer equipped with software for data acquisition and
analysis. The Biopac system can also interface with task markers to signal
the presentation of stimuli or the behavior of the subject.

As mentioned above, skin conductance is measured from the palmar
or plantar surface. Although the palmar surface is usually chosen because
it is readily accessible, when skin conductance is measured during fMRI
scanning, the plantar surface may be chosen because radio frequency pulses
emitted by the scanner may heat electrodes close to the magnet bore.
Washing the hands with soap and water and drying them thoroughly is an
adequate preparation of the site where the electrodes will be placed. Alcohol
and acetone should be avoided because they may dehydrate the skin. Our
laboratory measures skin conductance using disposable self-adhesive
Ag/AgCl EKG electrodes affixed to the thenar and hypothenar eminences.
This placement of palmar electrodes is illustrated in figure 5.1. The elec-
trodes are typically attached to the nondominant hand to allow for mani-
pulation of objects (e.g., a computer mouse) during testing since movement
may affect skin conductance. Allowing 10 minutes for the electrodes to
“settle” after they are attached will help ensure a more stable recording.
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To measure skin conductance, a small command voltage (typically, 
0.5V) is applied across the two electrodes. The skin conductance is pro-
portional to the amplitude of the current that flows between these elec-
trodes. This current is converted into a continuously time-varying output
voltage signal that is filtered, amplified, digitized, and stored on a computer.
Skin conductance is measured in our laboratory using a DC amplifier, with
the low-pass filter set to 10Hz. The low-pass filter determines the highest
frequency of signal to be recorded. Skin conductance is amplified with a
gain 5µS/V, although this may be increased or decreased to accommodate
unusually low or high baseline skin conductance levels, respectively. The
conditioned output voltage signal is sent from the skin conductance trans-
ducer-amplifier to an analog-to-digital converter, which translates this
output into units of skin conductance based on the scaling of output voltage
to skin conductance. We use a sampling rate of 200Hz.

What Are Some of the Different Measurements Used in Skin Conductance
Recording?

Skin conductance measurements can be broadly categorized into tonic and
phasic. The two types of measurements differ both according to the
timescales over which they are recorded and according to their causal rela-
tionship to an eliciting stimulus. Tonic skin conductance generally refers to
changes in skin conductance that are not causally related to an eliciting
stimulus and that occur in a period of from tens of seconds to minutes.
Phasic skin conductance generally refers to changes that occur within a dis-
crete time window (usually 1–5 seconds) following the presentation of a
stimulus.

Examples of tonic skin conductance measurements include skin con-
ductance level (SCL: the average of a series of instantaneous measurements
of skin conductance taken over a given interval) and number of nonspecific
fluctuations (NNSF: the number of skin conductance increases over a
threshold that occur over a given interval). Tonic measurements of skin 
conductance have been used extensively to address the relationship be-
tween autonomic and central nervous system “arousal” (Fowles, 1980;
Walschburger, 1986) and between autonomic nervous system activity and
“stress” (Lazarus, 1966; Erdmann et al., 1984). They have also been used
to assess motivational states that are elicited by a stimulus, but that elabo-
rate over an extended time interval, such as emotional imagery (Stemmler
et al., 2003) and cue-induced drug craving (Childress, McLellan, and
O’Brien, 1986; Niaura et al., 1989). Such long-term measurements of auto-
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nomic function may be more suitable for assessing the relationship between
the visceral state and subjective feelings, which may elaborate over a rela-
tively long timescale. Tonic skin conductance measurements are also well
suited to be recorded in parallel with brain-imaging techniques that require
long acquisition times, such as positron emission tomography (PET;
Fredrikson et al., 1998; Damasio et al., 2000).

In contrast, phasic skin conductance measurements are used to
address event-related processes, which are recorded over a short time inter-
val and are discretely related to an eliciting stimulus. The most commonly
used phasic skin conductance measurement is skin conductance response
amplitude (SCR.amp). Strictly speaking, a skin conductance response refers
to an increase in skin conductance occurring after the onset of a stimulus.
More recently, phasic skin conductance measurements have also been used
to address the cognitive processes that precede an event, such as planning
of a choice or anticipation of an event (described later in the context of
experiments addressing the somatic marker hypothesis of decision making).
Because they are recorded over a relatively short timescale, phasic skin 
conductance response measurements can be applied in parallel with 
event-related functional imaging techniques, such as functional magnetic
resonance imaging (fMRI).

How Are Skin Conductance Responses Measured?

Here we describe the procedures used in our laboratory to record phasic
skin conductance measurements. Traditionally, the skin conductance
response has been defined as an increase in skin conductance over some
threshold value (typically 0.05µS above baseline) occurring within a given
time interval after presentation of a stimulus (typically, 5 seconds, begin-
ning 1 second after stimulus onset). Although a variety of parameters can
be measured describing the temporal relationship between the stimulus and
the skin conductance response, including the latencies of the onset, peak,
and decay of the SCR, we will not discuss these here. The most common
parameter derived from the skin conductance response is SCR amplitude
(SCR.amp), which is defined as the difference between the peak skin con-
ductance value (the high point, where the tangent of the skin conductance
curve is zero) within the measurement window and the trough value (the
low point, where the tangent of the skin conductance curve is zero) pre-
ceding this peak. Using this technique allows one to measure the SCR.amp
when the skin conductance response follows a discrete stimulus within a
given time interval, as shown in figure 5.2. The technique, which assumes
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that the SCR is causally related to the stimulus, is used to address the
sensory processing and subsequent evaluation of the stimulus. One may also
be interested in the cognitive processes that anticipate an event, such as
anticipation of the value of the stimulus and deliberation of the conse-
quences of behavioral choices that may change this value. In this case, it is
desirable to measure the physiological responses that precede the onset of
a stimulus. Since it may not be possible to identify discrete skin conduc-
tance responses occurring before a stimulus, it is useful to be able to
measure skin conductance “activity” over an arbitrarily defined prestimu-
lus time interval.
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The simplest way to assess skin conductance activity without regard
to the onset of a discrete skin conductance response is to measure the area
under the curve that represents the change in skin conductance over a given
time interval. To obtain this curve, the raw skin conductance trace is first
run through a low-pass filter to remove high-frequency noise. In our labor-
atory, this is done using a moving-average function with a smoothing inter-
val of 1 second. Next, the slow drift in baseline skin conductance level is
removed using a moving-difference function with a difference interval of 
50msec (10 points for a 200Hz sampling rate). The difference function con-
verts every point in the raw skin conductance waveform into the difference
between the value of the point and the value of a point located a given inter-
val before it. Although a similar function may also be accomplished during
acquisition by setting the high-pass filter of the amplifier to 0.05Hz, this
results in the loss of information about tonic skin conductance level. The
area under the curve of the smoothed and differenced function is then meas-
ured over an interval that is specified by the task marker using a peak detec-
tion function. The area under the curve is measured as the area bounded
by the curve and the chord that connects the intersection of the curve with
the endpoints of the measurement interval. This includes area both above
and below the chord. This area is then divided by the length of the time
interval, in seconds, resulting in units of µS/sec. Figure 5.3 illustrates this
skin conductance response area under the curve measurement (SCR.auc)
and compares it with the traditional method for measuring skin conduc-
tance response amplitude (SCR.amp).

The method we use to measure the SCR.auc approximates the that
used by Traxel (1957), which measures under the curve of a single skin con-
ductance response. This measurement, which was proposed to index “quan-
tity of affect,” takes into account both the amplitude of the response as well
as its decay time and may thus have more validity than either of these
parameters alone (Boucsein, 1992). The method described here is similar,
but allows one to measure multiple responses within the measurement inter-
val; as a further advantage, it can be applied in the same way to the pre-
and poststimulus interval. Thus the same measure can be used to address
both the cognitive processes leading up to the choice of a behavior and the
cognitive processes evaluating the consequences of that behavior once it has
been executed. Moreover, the SCR.auc method does not require a subjec-
tive judgment as to whether a skin conductance response has occurred, and
is thus easily automated.
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How Can the Skin Conductance Response Be Used to Address Decision Making?

Traditionally, skin conductance response has been used to address the emo-
tional evaluation of sensory stimuli. Emotions are not just elicited by objects
and events in the world, however; they may also be deployed in the process
of planning and executing complex behavior. Although such deployment
could also be considered a form of emotional evaluation, in this case, the
stimuli being evaluated are goals and outcomes that are represented “in
mind.” Skin conductance response has offered a unique window into the
mental processes that represent the value of goals and outcomes. The meas-
urement of skin conductance response has provided support for the somatic
marker hypothesis of decision making, which holds that emotions, in 
particular the visceral manifestations of emotions, are critical components
of the process of decision making under conditions of uncertain risk and
reward (Damasio, 1994; Bechara, 2001).

The somatic marker hypothesis was originally formulated as a way to
explain the deficits in real-life behavior manifested by patients with damage
in the ventromedial prefrontal cortex (VMPFC; Damasio, Tranel, and
Damasio, 1991), an area comprising the medial portion of the orbitofrontal
cortex and the inferior (subgenual) portion of the medial prefrontal cortex.
Damage in this part of the brain has been known to lead to highly mal-
adaptive patterns of decision making within personal and social domains,
despite normal intelligence and intact reasoning in other domains (Damasio,
Tranel, and Damasio, 1990). In particular, patients with VMPFC damage
lack the ability to decide advantageously in situations that require them to
weigh the positive and negative consequences of their actions under condi-
tions of uncertainty. Although the real-life deficit of these patients is obvious
to anyone observing their family life, work life, friendships, and financial
affairs, their cognitive abnormality has, until recently, eluded characteriza-
tion in the laboratory.

To address the impairment caused by this type of brain damage, it
was necessary to devise a task that simulated the demands of real-life deci-
sion making. The Gambling Task (also known as the “Iowa Gambling
Task”) was developed in our laboratory to test the hypothesis that patients
with damage in the VMPFC are impaired in their ability to decide advan-
tageously in the face of uncertain risk and reward. The Gambling Task has
been described in detail elsewhere (Bechara, Tranel, and Damasio, 2000).
Briefly, subjects are required to choose between four decks of cards: A, B,
C, and D. Choosing from any of the decks always results in the payout of
money. Occasionally, choosing from any of the decks can also result in the
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loss of money. Decks A and B offer a large payout on each choice but also
an occasional large loss. Decks C and D offer a small payout on each choice,
but also an occasional small loss. These reward and punishment contin-
gencies are designed such that choosing consistently from decks C and D
(the advantageous decks) results in an eventual gain of money, whereas
choosing consistently from decks A and B (the disadvantageous decks)
results in an eventual loss of money. Subjects are instructed to attempt to
win as much money as possible; they are told that some of the decks are
better than others, but they are not told about the reward and punishment
contingencies of each deck. Normal subjects initially sample from both
advantageous and disadvantageous decks. Over time, they learn to avoid
the disadvantageous decks and to more often choose the advantageous
decks, which leads to a higher overall gain of money over the course of the
task. Patients with damage in the ventromedial prefrontal cortex continue
to choose from the disadvantageous decks, seemingly driven by the certain
prospect of receiving a high reward, but undeterred by the uncertain
prospect of high punishment.

Further insight into the cognitive deficits of these patients came from
the findings, discussed earlier, that patients with damage to the ventrome-
dial prefrontal cortex demonstrate a deficit in the deployment of autonomic
responses to emotional stimuli, including skin conductance responses
(Tranel and Damasio 1989, 1994). Moreover, patients with damage in the
VMPFC also seem to be impaired in their ability to feel certain kinds of
emotion (Damasio, 1994). This led to the development of the somatic
marker hypothesis, according to which, emotions, in the form of somatic
states and their sensory representations within the brain, play an essential
role in the process of decision making. They do so by marking the conse-
quences of choices, both anticipated and actual. Preceding a choice, the
somatic state triggered during contemplation of the various options func-
tions to mark these options with value. This results in the “gut feeling” or
“hunch” that is associated with certain options, and serves to bias decision
making in the direction of the advantageous choice. After a choice is made,
the somatic state triggered by the receipt of reward or punishment func-
tions to mark the actual outcome of the choice as good or bad. This is nec-
essary for the felt experience of value of the outcome and for forming
learned associations between the outcome and the choice that preceded it.
According to the somatic marker hypothesis, the VMPFC is a critical sub-
strate for the induction of somatic states during decision making.

To test this hypothesis, it was necessary to acquire somatic measures
of the emotional responses during performance of the Gambling Task,
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specifically, during contemplation of the potential consequences of choices
and after the actual consequences of these choices were signaled. Measure-
ment of skin conductance response was ideally suited to this task. To
demonstrate the effects of lesions in the VMPFC on skin conductance
responses during the Gambling Task, we first used the more traditional
SCR.amp measurement, which assumed that skin conductance responses
preceding the choice from a deck of cards were related to the deliberation
of the consequences of that choice (Bechara et al., 1996, 1997). During
these early experiments, we also used a manual version of the Gambling
Task with actual decks of cards, fake money, and an experimenter. More
recently, however, we have switched to a computerized version of the Gam-
bling Task, and we have adopted the SCR.auc method described above to
address questions related to the somatic marker hypothesis of decision
making (Bechara et al., 1999, 2001; Bechara, Dolan, and Hindes, 2002;
Bechara and Damasio, 2002). The SCR.auc method does not require
assumptions about the existence of discrete SCRs before choosing from the
decks, and is easily automated.

The two methods yielded highly similar results (figure 5.4 illustrates
the recording of skin conductance during the Gambling task; figure 5.5 illus-
trates the scoring of prechoice and postchoice SCR.auc). Normal subjects
were shown to deploy skin conductance responses during the period pre-
ceding their choice and to deploy responses that were larger before choos-
ing from the disadvantageous decks than before choosing from the
advantageous decks. This suggested that SCR amplitude reflected the antic-
ipated value of the choice that was being made. Moreover, normal subjects
deployed skin conductance responses when receiving reward and punish-
ment was signaled after their choice. In contrast to normal subjects, patients
with damage to their ventromedial prefrontal cortex did not deploy any
skin conductance responses during the period preceding their choices,
whereas they continued to deploy skin conductance responses to reward
and punishment, although these were somewhat diminished in amplitude
and did not discriminate between different levels of reward or punishment.
This suggested that damage in the VMPFC resulted in a specific impairment
in the ability to emotionally anticipate the future consequence of one’s
choices, despite a relative sparing of the ability to react emotionally to these
consequences when they were ultimately revealed.

Emotional responses to receiving rewards or punishments are hypoth-
esized to play a role in the type of decision making assessed by the Gam-
bling Task. To address whether the emotional responses to reward 
and punishment were also necessary for normal decision making, our 
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laboratory studied a group of patients with damage in another area involved
in emotion, the amygdala. Damage to the amygdala, like damage to the
VMPFC, results in impairments in real-life decision making under condi-
tions of uncertain risk and reward. The amygdala has been identified as a
region involved in emotional evaluation of sensory stimuli (for review see
Adolphs and Tranel, 2000; Ledoux, 2000; Cardinal et al., 2002), and, as
discussed earlier, like the VMPFC, is involved in the emotional control over
visceral function, including skin conductance. Because amygdala has been
implicated in the deployment of quick, automatic emotional responses to
objects and events within the sensory field (for review, see Ledoux, 2000),
we hypothesized that it also mediates the visceral responses to reward and
punishment, which are necessary for representation of the value of the con-
sequences of choices.
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To test this hypothesis, we recorded skin conductance in patients with
bilateral damage to the amygdala while they performed the Gambling Task.
Like patients with VMPFC damage, patients with amygdala damage per-
formed poorly in the Gambling Task, although the pattern of abnormality
in their skin conductance responses suggested a cognitive impairment dif-
ferent from that of patients with VMPFC damage. Specifically, whereas
both patients with amygdala damage and patients with VMPFC damage
did not show SCRs during the period preceding their choices, patients with
amygdala damage also did not show SCRs after receiving reward or pun-
ishment (Bechara et al., 1999). These results suggest that the amygdala plays
a more basic role in decision making than the ventromedial prefrontal
cortex. The lack of emotional responses to winning or losing money indi-
cates that the amygdala mediates the immediate emotional responses to a
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biologically salient stimulus, in line with its role in the rapid evaluation of
the emotional stimuli. The lack of SCRs during the period preceding the
choice could reflect one of two possibilities: (1) that the amygdala, in addi-
tion to its role in evaluating the emotional significance of reward or pun-
ishments, also plays a role in the evaluation of the emotional significance
of future consequences, or (2) that the emotional responses to reward and
punishment, mediated by the amygdala, are necessary for learning to asso-
ciate the value of a given outcome with the actions that preceded it. The
latter view agrees with the more general idea that the amygdala is neces-
sary for triggering emotional responses in a rapid and relatively automatic
fashion, rather than as a consequence of a reasoned deliberation of the emo-
tional significance of events in the future.

From this line of experiments, a model emerged of the role of the
amygdala and VMPFC in decision making. Within this model, the amyg-
dala is necessary for triggering rapid and relatively automatic somatic
responses to reward and punishment (primary induction); these responses
contribute to the encoding of the value of the sensory cues and actions that
preceded reward and punishment. Over time, through this encoding, sub-
jects learn the association between a given choice and its outcome. This
learning, which may precede explicit awareness of the contingencies
between specific choices and their outcome. This is expressed by the
VMPFC, which elicits learned representations of the value of a choice in
the period before a choice is made, when the outcome of the various choices
are weighed against each other as they are each held “in mind.” These rep-
resentations of value are based on the bodily response triggered within the
VMPFC (secondary induction), an emotional response that “marks” the
value of options for behavior based upon past experience. The somatic state
elicited during the period preceding a choice then feeds back to the brain,
where it is represented in somatosensory areas and can then influence
behavior through a biasing effect. This afferent feedback of the bodily state
may also contribute to the subjective experience of a “hunch” or a “gut
feeling” during the period preceding a choice.

Conclusion

The somatic marker framework and, specifically, the measurement of skin
conductance can be used to elucidate the neurocognitive processes by which
normal decision making occurs. These processes are relevant for under-
standing a range of real-life behaviors—from behaviors related to food, sex,
pain, and other natural rewards and punishments to economic and social
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behaviors—in which the possibilities for future reward and punishment are
played against one another while deliberating an uncertain outcome. More-
over, this framework can be applied to help understand the neurocognitive
deficits that may underlie the behavioral abnormalities seen in a range of
mental disorders that are associated with impairments in emotional pro-
cessing and decision making. Indeed, it has been now applied to understand
the neurocognitive deficits underlying mental illnesses such as drug depend-
ence, in which the ability to weigh the future consequences of one’s actions
may be compromised (Bechara and Damasio, 2002; Bechara, Dolan, 
and Hindes, 2002). A similar approach has been used to elucidate the neu-
rocognitive underpinnings of obsessive-compulsive disorder (Cavedini et al.,
2002), anorexia nervosa (Cavedini et al., 2004), and certain forms of psy-
chopathy (van Honk et al., 2002). The measurement of skin conductance
may also aid in assessing the severity of these disorders, in predicting the
response to therapy, and in showing how these disorders are related to the
function of brain regions that integrate visceral states into complex goal-
oriented behavior.
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Single Neurons and Primate Behavior

Robert H. Wurtz and Marc A. Sommer

Understanding the brain mechanisms mediating cognitive behavior requires
combining two experimental steps. First, the brain must actually be engaged
in the cognitive behavior under study. Second, the brain activity must be
measured during this behavior and the recording sufficiently described to
permit replication of the experiment. There are a number of ways of
meeting the second prerequisite, many discussed elsewhere in this volume;
our chapter will address one with unsurpassed spatial and temporal reso-
lution: the recording of the action potentials of single neurons.

Recording single neurons in the brain is a mature technique that has
been used extensively for over a quarter century. In outlining the technique’s
requirements and comparing them to those of other techniques, we will
focus on what has become a cornerstone for the study of brain mechanisms
underlying cognitive behavior: single-neuron recording from awake
monkeys trained on behavioral tasks. Our description and comments are
based on our own experience in studying awake monkeys; we also provide
references on specific technical points not addressed in this chapter.

Development

The ability to study the relation of the brain’s neural activity to behavior
progressed from the outside in, starting with the discovery that the brain’s
electrical activity could be recorded outside the skull using techniques that
evolved into the field of electroencephalography. From the time of Hans
Berger’s report of the changes in brain activity during sleep and wakeful-
ness in the 1920s (see Brazier, 1961) until the late 1950s, the electroen-
cephalogram (EEG) was the major window into the electrical activity of the
brain. This technique was extended to include changes in brain activity in
a range of cognitive states including perception, learning, and memory. A
series of symposia in the late fifties and early sixties that summarized many
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of the research directions relating the EEG to cognitive behavior, also noted
there were still unresolved problems in using the EEG (see, for example,
Wolstenholme, 1958; Jasper and Smirnov, 1960; Fessard, Gerard, and
Konorski, 1961). Throughout the era when changes in EEG activity were
correlated with behavior, it was uncertain exactly what the EEG was meas-
uring. Was it the summation of action potentials conveyed within a corti-
cal region—or of those between regions? Was it the summation of synaptic
potentials—or of dendritic potentials? Moreover, whatever was being
measured, it most likely included activity from brain regions substantially
larger than those intended, and probably even failed to distinguish between
cortical and subcortical activity.

Moving within the skull to study the activity of single neurons solved
these problems. The action potential was well understood, and hence there
was no ambiguity as to what was being compared to behavior. In addition,
because single-neuron activity could only be “seen” within a few hundred
microns of its origin, its local origin was assured.

But, in solving one set of problems, single-neuron recording intro-
duced another: how to move the recording electrode near enough to a
neuron to record its activity and how to continue this recording during
behavior. Jasper, Ricci, and Doane (1958), recognized as the first to record
single-neuron activity in an awake, behaving mammal, came up with an
ingenious solution—head-mounted microdrives that enabled the investiga-
tors to move the electrode while their monkeys performed conditioned
response tasks. This was soon followed by other single-neuron research
with awake, behaving animals: Hubel (1959, 1960; Hubel et al., 1959)
recorded neuronal activity in the visual pathway and auditory cortex of the
cat, and Olds (1963) recorded neuronal activity in the rat brain. Figure 6.1
shows an example of one of these early recordings. Further critical advances
proceeded from the work of Evarts (Evarts, 1966a, 1968a, 1968b), who
pioneered a set of reproducible, highly influential techniques to record from
single neurons in the awake monkey.

Equally important, Evarts developed methods for humane, painless
restraint; this was critical because, unlike cats or rats, monkeys can simply
reach up and dismantle attachments for recording with their fingers.
Evarts’s detailed description of procedures for recording from single
neurons in awake monkeys was the major stimulus for the expansion of
recording in awake monkeys that has flourished into the present. Even
though almost all of the specific procedures have been extensively modified
in laboratories throughout the world, the basic methods were laid out 
in the three papers cited above, with Evarts’s own early experiments 
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demonstrating the efficacy of the procedures during sleep, wakefulness, and
arm movements (Evarts, 1966a, 1966b). These procedures were promptly
extended from motor cortex to the oculomotor neurons (Fuchs and Luschei,
1970; Robinson, 1970; Schiller, 1970).

But recording from a single neuron addresses only half the issue; the
other half is comparing neuronal activity to behavior, particularly to more
complex cognitive behavior. Although many of the initial single-neuron
studies simply compared the neuronal activity with spontaneous behavior,
Evarts (1966b) showed that he could elicit the same behavior reliably by
training monkeys to do controlled movements, allowing him to repeatedly
compare the activity of a single neuron to identical behavior. Given the
larger minute-to-minute variability in neuronal activity in the awake versus
the anesthetized monkey, this was a critical advance in evaluating the con-
sistency of the correlation between neuronal activity and behavior.

Whereas it is impossible to record neuronal activity related to move-
ment from anesthetized, paralyzed animals, it is both possible and even
desirable to record neuronal activity related to sensory responses from such
animals, simply because they cannot move. Primarily for this reason, appli-
cation of single-neuron recording techniques in awake, behaving animals
came onto the scene later in sensory than in motor research. Difficulties in
using behaving primates were particularly acute for the visual system
because, in the awake monkey, the eyes make rapid or saccadic eye 
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Figure 6.1
Sample of one of the earliest single-neuron recordings from an awake monkey.
Records show (A) single-neuron activity, and (B and C) surface electrocorticogram
from motor and visual cortex, respectively, (D) electromyogram of monkey’s
response, and time of conditioned stimulus (CS) and conditioned response (CR).
(From Jasper, Ricci, and Doane 1960)



movements several times per second. Repeatedly directing the visual stim-
ulus to the same place on the retina was therefore not feasible. This problem
was solved by using behavioral training techniques that required the
monkey to continue fixating at a point on the screen in front of it for several
seconds, during which time a visual stimulus could be presented to deter-
mine the location of the visual receptive field of the neuron under study
(Wurtz, 1969). Again the techniques used to achieve this visual fixation have
evolved substantially, especially with improvements in eye movement
recording (Robinson, 1963; Judge, Richmond, and Chu, 1980); the use of
visual fixation has proven vital to the burgeoning research into cognitive
processing in the visual system.

Thus, by the early seventies, the essential techniques required for neu-
ronal recording in awake monkeys were largely worked out and the oppor-
tunities for investigating the mechanisms of cognitive processing in the
awake monkey had become established. Subsequently, several improved
techniques have converted recording in awake monkeys from a harrowing
to a standard, albeit challenging, procedure. At the behavioral level, the
change has been even more striking: the application of behavioral tech-
niques has transformed the nature of the questions that can be asked in
monkey experiments and has opened the door to the analytical study of
cognitive questions at the single-neuron level. The old worry many investi-
gators had about whether anything could be learned studying single neurons
in the midst of the deluge of neuronal activity in awake, behaving animals
has been dispelled; the new worry is whether the technique can address
larger issues of cognitive brain function.

Principles

Because, as we noted, single-neuron recording is a mature technique, there
are now multiple solutions to many of the technical problems, detailed
explanations in the literature, and commercial sources for much of the hard-
ware required. Here we concentrate on the salient principles of the tech-
nique, providing references to several especially useful sources of further
information for each step.

The most fundamental principle of the method is that the single
neurons are recorded extracellularly, with the flow of current generated by
the active neurons being detected through the volume of the fluid within
the brain. As a consequence, the farther the active neuron is from the elec-
trode the smaller the signal, with the amplitude of the signal declining as
the cube of the distance between neuron and electrode. Furthermore, the
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extracellular fluid acts like a low-pass filter so that the high-frequency band
containing action potential signals is reduced the most and the lower-
frequency bands are reduced the least. Thus, to isolate the action potentials
of a neuron from its neighbors, the electrode tip has to be close to the
neuron. The good news is that when the activity of the neuron is isolated
from the background activity, we can be certain it relates to the local area
under study. The bad news is that larger neurons—which may or may not
be more important functionally—tend to be recorded preferentially, leading
to inherent sampling biases (a fact rarely discussed by investigators).
Although lower frequencies can also be recorded, because they travel over
considerably longer distances, they cannot be so narrowly localized.

Basic Methods

As the interface between the brain and the registration of the brain activ-
ity, the microelectrode has understandably been a much-investigated topic
since the dawn of the single-neuron recording technique. Because of their
sturdy structure, metal microelectrodes have been preferred; various metals
and alloys have been used, including steel (Green, 1958), tungsten (Hubel,
1957), and platinum-iridium (Wolbarsht, MacNichol, and Wagner, 1960).
Although initially made within the laboratory, microelectrodes are now pro-
duced commercially and distributed by a number of vendors (see http://
www.fh-co.com/ and http://www.thomasrecording.com/pdf/Elektroden.pdf).
Basic variables in the microelectrode are the size and shape of the tip
exposed to the brain, although the relative importance of these variables
remains a matter of discussion. For practical reasons, the impedance of the
microelectrode is usually taken as a measure of its quality. The range for
metal microelectrodes falls between 100 kilohms and several megohms (at
1,000Hz): the higher the impedance, the better the isolation, although the
fewer neurons isolated, the greater the difficulty in holding the neuron. The
microelectrodes are introduced into the brain using microdrives to advance
or retract them to the desired depth; these drives are equipped with a coarse
control in the millimeter range to move to the approximate depth, and a
fine control in the micron range to move to the precise depth. Because of
the compliance of the brain to the push of the microelectrode, the smallest
step we usually make is five microns. The microelectrode must also be
advanced or retracted remotely, so that moving it does not disrupt the
monkey’s behavior, and positioned not only upward and downward but
also in the x-y plane over the brain, so that one actually targets the brain
structure of interest. The microdrive has evolved over the years, and a
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variety of hydraulic and electrical motor devices are now available com-
mercially (see http://www.fh-co.com/; http://www.alphaomega-eng.com/;
for construction from drawings, see http://www.lsrweb.net). Although
screw drives are occasionally used because of their simplicity and small size,
most cannot be controlled remotely (see, for example, Nichols et al., 1998)

The microdrive is typically attached to the monkey only during a
recording session, using an implanted base that is screwed or cemented to
the skull, or both, in a previous surgery done under general anesthesia.
During that initial surgery, the skull inside the base is removed so that the
dura is exposed and electrode penetrations can be made into the brain
through the dura. We use a circular base into which we insert a grid with
holes drilled at one millimeter intervals (see Crist et al., 1988); through
these holes, we pass a stainless steel guide tube that either rests close to the
surface of the dura or penetrates the dura to allow access to deeper regions
of the brain. The grid is at least 0.5cm thick to ensure that microelectrodes
inserted into different holes will follow parallel paths into the brain. We
leave the dura intact because it reduces the risk of infection when the record-
ing extends for many months. Alternatively, the dura can be removed and
an artificial dura installed (see Arieli, Grinvald, and Slovin, 2002), or only
small holes can be drilled in the skull so that a microelectrode always passes
through newly exposed dura.

The hardware used to attach the microdrive to the skull and to 
attach brackets to restrain the head varies widely between laboratories. 
The hardware developed in our laboratory is typically made from 
plastic for magnetic resonance imaging (MRI) compatibility. Figure 6.2
shows examples of the hardware we currently use (for a description, 
see our Web site, http://www.lsr-web.net) and is commercially available 
(see http://www.cristinstrument.com).

Because the neuron is being recorded at a distance, identification of a
single neuron as opposed to several is critical. There are basically two steps
in this identification. The first is to observe the change in amplitude and
shape of the recorded action potential as the electrode is advanced or
retracted. Since the neurons are at different distances from the electrode,
movement of the electrode shortens the distance from some neurons and
the spike from those neurons becomes larger. A variant of this approach is
the use of a tetrode, four separate recording electrodes typically cemented
together and applied to four closely spaced recording sites (see Gray et al.,
1995). The second step is to discriminate individual neurons based on the
amplitude, shape, or both, of their action potentials. The simplest discrim-
inators select individual neurons on the basis of spike amplitude; the 
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addition of multiple thresholds for different phases of the spike and of a
temporal window for width of the spike waveform makes the discrimina-
tion more powerful. Other methods, such as relying on principal compo-
nent analysis for the identification, permit discrimination based on criteria
other than spike amplitude and width, although such analysis usually
requires that discrimination be made after a sample of spikes has been
obtained, that is, after the behavior has been completed. Discrimination by
spike amplitude and width frequently also benefits from post hoc analysis
after preliminary online analysis.

Location of the region of the brain to be studied is now greatly aided
by making an MRI of the monkey’s brain before the experiment begins. In
our case, we usually place the recording cylinder base on the skull, install
the grid, and insert several tungsten microelectrodes (for a 1.5 T magnet
and without the stainless steel guide tubes) into the brain to about a cen-
timeter above where we plan to record. If steel electrodes are used, small
marks made by passing current can be seen on the MRI (see Fung, Burstein,
and Born, 1998). This allows us to shift our recordings on the grid so that
the penetrations are centered on the desired target and to more accurately
estimate depth for subcortical targets.
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Figure 6.2
Example of single-neuron recording apparatus. On the left, in an exploded view, is
an implanted base, a grid that fits into the base, and a cap that covers the assem-
bly when the microdrive is not attached. On the right is a microelectrode held by
a microdrive with a stepper motor that advances the microelectrode. (Illustration
courtesy of Altah M. Nichols and Thomas W. Ruffner)



After the experiment, the site of the neurons in the brain can be his-
tologically located by a mark placed at the recording site, usually by passing
a 10–20 µA current through the microelectrode depending on the expected
survival time of the monkey, the number of marks in the area, and the
required precision of the localization. This localization of the recording site
is a key requirement of single-neuron recording: an experiment can be repli-
cated only if one accurately determines where the original neurons were.
Recovery of the marks is typically accomplished by inspecting alternating
cell and fiber stained histological sections no thicker than 50 microns. We
frequently code penetrations with a pattern of marks higher up in the pen-
etration as we withdraw the electrode.

We can hardly conclude our consideration of basic methods without
emphasizing that the power of single-neuron recording has been immea-
surably enhanced by two technical advances. First and foremost, the advent
of cheap but powerful computers has enabled the development of sophis-
ticated and easily altered programs for controlling behavioral paradigms
and stimulus presentations, recording behavioral and neuronal responses,
displaying experimental data online, and analyzing experimental results off-
line. Second, the availability of structural MRI to verify the recording site,
at least approximately, during the experiment has allowed us to explore
both new brain areas and multiple areas at the same time, a feat that was
exceedingly difficult in the pre-MRI era.

A Trilogy of Techniques

Our description of the basic methods cannot help but leave the impression
that the end goal is simply to compare neuronal activity to behavior. But
such a goal yields only a correlation of neuronal activity at one point in the
brain with a specific cognitive behavior. Although a good start, it is still just
a correlation and, as such, would not tell us the degree to which the neurons
are part of the brain mechanisms producing behavior. A strength of the
single-neuron recording technique is that it can be paired with two other
techniques that move it beyond the realm of correlation: stimulation and
reversible inactivation of the neurons at the recording site. We refer to the
set of techniques—neuronal recording, stimulation, and inactivation—
as the “trilogy of techniques,” a trilogy that moves single-neuron 
neurophysiology from the observation of correlations into the study of 
causation.

Our general approach is to formulate hypotheses about the relation
of the neuronal activity to behavior based on single-neuron recordings and
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then test these hypotheses by altering this neuronal activity by activating or
inactivating the neurons.

Neurons can be activated by using an excitatory transmitter or by
blocking the continuing action of an endogenous inhibitory transmitter; we
have used bicuculline to block the GABA receptors. Alternatively, activa-
tion can be accomplished by electrical stimulation of the neurons, by
passing an electrical current through the same microelectrode used to record
the activity, a method used extensively in cognitively related experiments
(Tehovnik, 1996; Cohen and Newsome, 2004). The advantage of electrical
stimulation is that, whereas transmitter activation and inactivation alter
neuronal activity over a period of time, electrical stimulation can provide
activation trial by trial. For inactivation, the optimal method is to suppress
the neuronal activity by applying an inhibitory transmitter, and we have
relied on the inhibitory transmitter GABA, using either GABA itself or its
agonist muscimol. The advantage of the GABA agonist over an anesthetic
is that it inactivates only the local neurons but not the fibers of passage
(which have no receptors), whereas an anesthetic acts on both (see Lomber,
1999). A promising future direction is the activation or inactivation of a
specific subset of neurons using molecular biological techniques (see Tan 
et al., 2003). 

Both activation and inactivation have substantial limits on their inter-
pretation. Activation using electrical stimulation raises questions as to what
neurons are altered and at what distance, the extent to which remote neu-
ronal activity is invoked by the stimulation of axons, and the artificial con-
junction of activity in neurons that are never normally active together.
Inactivation using transmitter agonists, on the other hand, raises questions
as to how far the agonist spreads and what neurons are affected by the
spread. 

Although, taken individually, each of the trilogy of techniques has lim-
itations, used in a coordinated manner, the trilogy is powerful because each
technique overcomes at least to some degree the other techniques’ limita-
tions. Judicious use allows experimenters to push beyond correlation to cau-
sation, maximizing the opportunity available to them.

Innovation

Everyone doing single-neuron recording would happily provide a wish list
for innovations that would expand the technique. Here we consider two
innovations that address two major problems with single-neuron record-
ing: (1) multielectrode recording, more often referred to as “multichannel
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recording,” to overcome the limitation in area of brain region studied; and
(2) anti- and orthodromic stimulation to overcome the difficulty of identi-
fying the connections of neurons studied.

Multichannel recording addresses a central feature of single-neuron
recording that may also be considered its central deficiency: recordings are
made from only neuron at a time. By introducing multiple electrodes into
the brain, more than one neuron can be recorded within a structure or from
several different structures. The advantages of multichannel recording are
in sampling a larger number of neurons within a population, differentiat-
ing the extent to which these neurons are related to a given behavior trial
by trial, examining the cross-correlation between neurons, and recording a
larger number of neurons on any given set of trials. One method of obtain-
ing these multiple recordings is to insert chronic wire electrodes into the
brain (see deCharms, Blake, and Merzenich, 1999; Nicolelis et al., 2003),
and this has been used to compare activity between areas along the
somatosensory pathway (see, for example, Faggin et al., 1997) and within
structures such as motor cortex or the superior colliculus (see Maynard 
et al., 1999; Hanes et al., 2005). This method has the advantage of allow-
ing experimenters to insert many bundles of electrode wires and to record
at many sites. Multichannel systems that record up to 128 channels are avail-
able commercially (see http://www.fh-co.com or http://www.alphaomega-
eng.com). A disadvantage is the inability to move the electrode, which
means that the neurons found are the ones that must be studied, and also
that one of the two ways in which unit isolation is verified is lost. A method
that preserves the ability to move the electrodes individually is to attach
each to a separate micromanipulator. This method has the advantage of ver-
ifying the isolation of single neurons and selecting those from the popula-
tion of interest, but the disadvantage of recording from comparatively fewer
neurons. Both multichannel methods introduce the difficulty of character-
izing each neuron using tests that could zero in on their individual traits, a
difficulty that often results in such characterizations not being made or in
a battery of tests being applied to the whole sample en masse. For example,
running a fixed pattern of targets for eye movements enables experimenters
to identify the visual receptive fields or movement fields of neurons, but
how well the field of each neuron is determined depends on how closely
spaced the targets are (see Hanes et al., 2005). In general, multichannel
recordings are difficult to apply in areas where neurons related to disparate
parts of visual or motor space are clustered near each other (such as pre-
frontal cortex); they are better suited to regions that contain highly pre-

132 Robert H. Wurtz and Marc A. Sommer



dictable maps. The underlying risk in multichannel recordings is that one
sacrifices quality (careful characterization of each neuron) for the sake of
quantity (a spectacular increase in sample size).

Although experimenters need of course to know where a neuron is
located in the brain, they also need to understand its connections. Identifi-
cation of at least some of these connections can be made through the use
of antidromic and orthodromic stimulation, a standard practice in experi-
ments on anesthetized animals but one rarely adopted for experiments on
awake, behaving animals. Interestingly enough, however, in some of the first
single-neuron recordings made from awake, behaving monkeys, neurons in
the skeletomotor and oculomotor frontal cortex were identified as descend-
ing output neurons by antidromically stimulating them from lower areas
(Evarts, 1966b; Bizzi, 1968). We have recently combined antidromic with
orthodromic stimulation to identify relay neurons in the pathway from
superior colliculus in the brain stem through the mediodorsal nucleus of
the thalamus to the frontal eye field in frontal cortex. Antidromic stimula-
tion from frontal cortex showed that a mediodorsal neuron projected to
the frontal cortex, while orthodromic stimulation from the superior 
colliculus showed that the same neuron received input from the superior
colliculus (figure 6.3; Sommer and Wurtz, 2004a, 2004b). Antidromic 
stimulation is straightforward and simple and relies on the regular, short
latency of the antidromic response in the recorded neuron. In contrast,
because the orthodromic response in the recorded neuron is subject to 
multiple interpretations—synaptic activation can take numerous routes—
orthodromic stimulation requires added precautions. (These issues are 
considered in detail in the excellent review by Lemon, 1984.)

A second advantage of antidromic stimulation is that it can correct
for sampling biases. Recording as the microelectrode passes through the
brain has been compared to shooting fish in a barrel: the larger the fish, the
more likely it is to be hit (see Towe and Harding, 1970). With antidromic
stimulation, the conduction speed of a neuron can be calculated. Faster
speeds imply larger axons and neuronal cell bodies, and therefore estimates
of the relative cell sizes can be made. Knowing this distribution of cell sizes
allows one to determine the actual distribution of neuronal classes in an
area (in terms of the signals they carry) and not just their observed, biased
distribution (Humphrey and Corrie, 1978). For example, the seeming
prevalence of neurons with activity related to eye movements in the frontal
eye field turns out to be, in part, illusory; corrections for sampling bias indi-
cate that such neurons are larger than their neighbors (Sommer and Wurtz,
2000).
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Limitations

The principal limitation of single-neuron recording in cognitive studies is
glaringly obvious: studying one neuron at a time in a brain mass of billions
of neurons. No behavior we are aware of in vertebrates results from the
activity of a single neuron or of small, localized groups of neurons. Even
machinelike functions such as the stabilization of the visual scene by ocular
following, which has one of the shortest latencies in the primate visual
system (70msec at most), probably arise from the activity of a population
of cortical (Takemura et al., 2001) and subcortical neurons. Few would
doubt that more cognitive functions such as visual perception and the plan-
ning of action must result from the activity of far larger populations of
neurons over a series of steps in the brain.
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Antidromically
activated from FEF

Figure 6.3
Example of antidromic and orthodromic stimulation as used to identify connection
of neurons. Stimulating electrodes were implanted with their tips in the frontal eye
field (FEF) and the superior colliculus (SC). A single neuron was recorded in the
mediodorsal thalamus (MD). At top left, several of the MD neuron’s action poten-
tials are aligned to the start of stimulation (at time 0) in the FEF. The highly repeat-
able activation at invariant latency is indicative of antidromic activation (showing
that the neuron projects to the frontal eye field). At top right, action potentials of
the same mediodorsal thalamus neuron are aligned to the start of superior collicus
stimulation. The jittery activation latency is indicative of orthodromic activation
(showing that the neuron receives input from the superior collicus). (After Sommer
and Wurtz, 2004a) 



A possible solution to this problem is the growing use of functional
magnetic resonance imaging to assess the activity of brain regions during
cognitive behavior. The problem of activity related to only a few neurons
is solved: the fMRI indicates phases of the hemodynamic response second-
ary to neuronal activity, and thus of necessity covers a large population of
neurons. The noninvasive nature of fMRI also permits researchers to study
these populations of neurons in the human brain during demanding cogni-
tive tasks. The disadvantage is that the fMRI does not measure electrical
activity directly, and how the hemodynamic response correlates with
various phases of activity (e.g., synaptic potentials vs. action potentials)
remains controversial. Moreover, this hemodynamic response introduces a
temporal filter, currently on the order of one second at best, a time that far
exceeds that required for many cognitive functions. For example, a subject
can look at a scene, select what aspect is important, make an eye move-
ment to it, and repeat this two to three times within the time needed to
obtain an fMRI response. For examination of the mechanisms in the brain
that underlie cognition, fMRI cannot compete with single-neuron record-
ing. The sequential application of fMRI and single-neuron recording in
monkeys, however, holds great promise. Functional MRI could identify
regions of the brain that are involved in cognitive processes without any
indication of the underlying mechanism, while follow-up single-neuron
recordings could decipher the code for those mechanisms.

At the opposite end of the continuum, a second limitation of single-
neuron recording is that microcircuitry and local connections (e.g., along
the dendrites) cannot be determined with this in vivo, extracellular tech-
nique. The synaptic activity of a neuron and its degree of membrane depo-
larization are simply inaccessible to the extracellular microelectrode. With
slice and cell culture preparations, these limitations are overcome. For
example, in studying the superior colliculus in rodent brain slices, Hall and
Isa and their collaborators (see, for example, Hall and Lee, 1997; Lee 
et al., 1997; Isa, Endo, and Saito, 1998; Isa and Saito, 2001) have meas-
ured the distance over which inhibition can be obtained and the extent to
which superficial layers functionally activate the intermediate layers, factors
that extracellular recording had not determined over the preceding 30 years.
Hall and Lee (1997) have also been able to photoactivate specific identified
neurons, which is impossible to do in the behaving monkey. On the other
hand, creating a slice cuts the inputs and outputs to the colliculus from the
rest of the brain and decouples the activity from its relation to behavior.
Again, combining information from both techniques sharpens the insights
gained from each.
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The point is that single-neuron recording, though in itself a limited
technique, can be a powerful investigative tool when used in conjunction
with other, complementary techniques.

Integration

If we want to know about the brain mechanisms that underlie cognitive
behavior, we need to study the smallest individual elements of brain cir-
cuits: single neurons. Knowing the detailed characteristics of neuronal activ-
ity will require recording from individual neurons both separately and
together with others, and the better the connections of these neurons can
be determined, the stronger the conclusions that can be drawn. These are
all correlations, however, and to move beyond the correlations, it is essen-
tial to combine single-neuron recording with stimulation and inactivation
of the neurons. The understanding derived from this “trilogy of techniques”
in turn can be strengthened by fMRI measurements, which reflect large 
populations of neurons, and by in vitro approaches, which provide insight
into the microcircuitry underlying neuronal activity. Although we do not
know what technical breakthroughs lie beyond our horizon, we do know
that advances in understanding the brain have always relied on a combi-
nation of techniques, and single-neuron recording is no exception.
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Grid Computing and the Future of Neuroscience Computation

John D. Van Horn, James Dobson, Michael Wilde, Jeffrey Woodward,
Yong Zhao, Jens Voeckler, and Ian Foster

Since the introduction of computing as a vital tool in scientific research, we
have seen several distinct generations of systems architectures come and go.
With the earlier generations, it was uncommon for individual researchers
to have computers on their desks, let alone computers dedicated solely to
their particular research purposes. Mainframe, vector, and time-shared
VMS or UNIX computers served as shared resources supporting the con-
current analyses of many researchers. Today, of course, computers are ubiq-
uitous in many parts of the scientific world; researchers typically have one
or more personal computers at their disposal. The days of large, monolithic
systems are over, and individual computers are the rule. Recently, however,
a new computing paradigm has emerged that will again alter the way data
computations are performed. Innovative infrastructure technologies includ-
ing high-speed networking, inexpensive hardware solutions, and open-
source, standards-based software have brought a paradigm shift in how
computational research is performed. Using local high-density central 
processing units (CPUs) as well as geographically distributed systems, the
high-throughput processing of large quantities of neuroimaging data, in
particular, can be completed on the order of minutes rather than hours. 
This is a fundamental concept behind Grid computing and is causing con-
siderable excitement in the scientific community (Foster, 2003; Foster and
Kesselman, 1998).

Large-scale computing has clear advantages for the analysis of many
types of large scientific data sets—from particle physics to gene expression,
from geospace to astrophysics. For the neurosciences, Grid computing has
direct applicability for the analyses of the terabytes of neuroimaging data
contained in public archives such as the fMRI Data Center (fMRIDC; see
http://www.fmridc.org), based at Dartmouth College (Van Horn et al.,
2001). This publicly available repository includes complete data sets from
published studies of human cognition using functional magnetic resonance
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imaging (fMRI). Data sets include four-dimensional functional image
volume time course data (e.g., EPI, Spiral), high-resolution brain
anatomy–imaging data (e.g., SPGR, MPRAGE), study metadata, and 
supporting data collected as part of the study. The fMRIDC curates,
anonymizes, and packages these data sets for open dissemination;
researchers around the world may then use the data sets to conduct novel
analyses, test alternative hypotheses, explore new means of data visualiza-
tion, or use them in education and training. But this ever increasing col-
lection of study data sets can also be compared en masse across studies to
identify patterns of cognitively induced signal change unseen in any indi-
vidual study. Such comparative studies will enable neuroscientists to better
understand how particular combinations of brain regions contribute to the
processing of cognitive information across different individual task para-
digms, and where those paradigms share particular cognitive components.

This chapter discusses the concepts of distributed high-performance
and high-throughput Grid computing systems and presents specific exam-
ples of their application in the large-scale processing of functional 
neuroimaging data. Featuring data sets from the fMRI Data Center, we
demonstrate the improvement in throughput that may be obtained in (1)
using highly parallel clustered processing systems; and (2) utilizing 
geographically distributed cluster computing power for the analysis of
brain-imaging data. We describe a promising opportunity to leverage the
capabilities of two rapidly evolving and closely paradigms in information
technology, Grid computing and virtual data, to provide the tools, tech-
niques, and resources to make the fMRIDC archive an indispensable com-
munity resource for driving advances in neuroscience research. We also
describe how Grid computing can harness multiple distributed computing
facilities to solve large problems, and how the Virtual Data Model of com-
puting can help scientists utilize the Grid environment with mechanisms for
expressing workflows in a high-level language that frees them from dis-
tributed computing concerns and at the same time creates accurate,
sharable, re-executable descriptions of how every step in a complex, long-
running data analysis effort was carried out.

More specifically, we explain how highly optimized anatomical brain-
warping processing pipelines can be made to run on the order of minutes
rather than hours, and how complex multistage analyses of terabytes—
thousands of gigabytes—of data can be distributed across multiple proces-
sors and systems. These processes do not require specialized hardware and
can often be controlled from laptop computers using Web-enabled inter-
faces. We also describe how “virtual data–based” workflow systems can
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serve as an enabling interface to the Grid to facilitate reproducible data
analyses and knowledge-intensive collaboration.

As neuroscience researchers make increasing use of functional neu-
roimaging for the mapping of cognitive activity, they will come to rely more
and more on Grid computing. Our chapter provides an overview of what
we believe to be a critical aspect in the future of functional neuroimaging
data analysis.

Development

Although the advent and development of MRI technology over the past two
decades have resulted in a quantum leap in our ability to measure the brain’s
capabilities, this technology has also vastly increased the amount of data
brain researchers must manipulate, manage, and store. In contrast to those
typical for positron-emission tomography (PET) studies, data sets for func-
tional MRI studies are large, often exceeding several gigabytes (GB) in size.
As advances are made in MRI scanner technology to permit the more rapid
acquisition of data, functional imaging experiments will consist of ever
greater amounts of data per unit of time over the same scan duration. And
as cognitive neuroscientists ask ever more sophisticated questions about
fundamental brain processes, they will undoubtedly collect data on an ever
greater number of subjects and fMRI time courses per subject.

Data Archiving

Indeed, within the next decade, neuroimaging data archives containing
several petabytes—several million gigabytes—are not out of the question
and will likely become the norm. A number of individual fMRI data sets
already rival the full size of many extant large genetic (Benson et al., 2003)
and protein (Berman et al., 2002) science data archives. For instance, the
complete study data set from Buckner et al., 2000, exceeds 20GB. It can
be expected that, as advances are made in the spatiotemporal resolution of
MRI scanners, the amount of published brain image data will routinely rival
the amount contained in the human genome database. A challenge there-
fore exists in devising efficient means for comparing and contrasting these
data on a large scale but within reasonable time.

With these issues in mind, the fMRI Data Center was established as
a public archive for fMRI study data and the associated experimental meta-
data (Van Horn et al., 2004). The fMRIDC began receiving data from
researchers in 2000 and made data sets publicly available in 2001. At
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present, the archive contains more than 100 complete data sets, which
researchers may request online and have shipped to them free of charge.
Authors of fMRI studies are asked to provide the details of their ex-
periments across several levels, including scanner imaging protocols, 
subject demographics, and experimental design. The principal intent of
obtaining such complete information about each study is to permit
researchers to reconstruct the results reported in the literature by the 
original authors.

The average fMRIDC data set contains approximately 18 gigabytes
of uncompressed data and may contain over 30,000 files. A typical func-
tional run is composed of a time series of three-dimensional ANALYZE-
compatible volumes, where each ANALYZE volume/header pair represents
a single point of time in the time series. A functional run may have 200
files or more where the volumetric data are around 1 megabyte per volume.
Recent studies have grown much larger: the fMRIDC holds one anatomi-
cal study with over 300 subjects, and a recent functional study comprising
over 100 subjects. This scale of data represents a tremendous opportunity
for the sharing, and growth, of knowledge in the field. It also presents a
significant challenge: to make this information both available to and usable
by the neuroscience research community, we must first solve many prob-
lems in data transport and storage and in making available and usable the
computational tools and resources to make further use of the archived study
data.

Grid Computing

As archives of neuroscience data expand, the computational needs required
to process the immense volume of data also increase. In terms of the
memory and processor speed requirements, individual desktop worksta-
tions are now no longer suitable for analyzing potentially gigabytes worth
of data at a time. What is needed is to combine effort from across multi-
ple, distributed processing elements and take advantage of the collective
power they possess toward analyses of these neuroscientific resources on a
massive scale.

The Grid is an emerging paradigm in the computer science commu-
nity based around distributed systems of computers, data, tools, and people
(Foster, 2003). The term Grid was coined in the mid-1990s to denote a pro-
posed distributed computing infrastructure for advanced science and engi-
neering. The specific challenge that motivates interest in Grid computing is
the coordination of resource sharing and problem solving in dynamic,
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multi-institutional, spatially dispersed, virtual organizations. Strictly speak-
ing, this does not refer to file exchange, but rather to direct access to com-
puters, software, data, and other resources, as required by a range of
collaborative problem-solving and resource-brokering strategies emerging
in industry, science, and engineering. This sharing is, necessarily, highly con-
trolled, with resource providers and consumers defining clearly, carefully,
and exactly what is shared, who is allowed to share, and the conditions
under which sharing occurs. The related term data Grid was coined to
denote a Grid system that has an additional strong emphasis on the sharing
of large amounts of data and data storage resources.

The internal organization or fabric of the Grid is evolving with stan-
dards and practices emerging from organizations such as the Global Grid
Forum (GGF; see http://www.ggf.org). Although the Grid is a framework
for collaboration between virtual organizations on a large, geographically
diverse, scale, we should note that the Grid need not have a centralized
infrastructure and makes minimal assumptions of computing systems
homogeneity. Its underlying architecture is being specifically designed for
distributed authentication, authorization, storage, and computation. These
guidelines and software protocols will enable technologies from multiple
research projects and vendors to interoperate on the shared Grid 
infrastructure.

Most fMRI data are processed using a series of computational algo-
rithms that “pipeline”—apply spatial realignment, slice-timing adjustment,
spatial normalization, filtering, and other such operations on—the data.
Pipelined processing operations are designed to take one or more fMRI time
series and prepare the image volume data for later statistical processing.
These multistage pipelines can typically be run on the Grid with the simple
inclusion of some basic code infrastructure for locating data and under-
standing job dependencies. Thus data-intensive sciences such as functional
neuroimaging can utilize Grids for analysis of data sets on scales not pos-
sible using local computation.

As researchers’ needs exceed the computing power available in a
desktop environment, they typically turn toward shared departmental or
collaboration-run systems ranging from the departmental servers of a few
years ago, to supercomputers, to the computing clusters of today. Although
cluster computing at various scales has rapidly replaced both departmental
servers and supercomputers, the concept of the Grid has spanned all of these
changes. Originally termed metacomputing (Catlett and Smarr, 1992), the
Grid first consisted of geographically separated supercomputers linked to
work on single problems in a loosely coordinated fashion, yet its principles
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remain much the same even as it links distributed computing clusters to
form a single, large “cluster of clusters.”

A typical Grid cluster consists of a set of distinct computers, typically
similar or identical, called “worker nodes,” which provide the computing
power of the cluster. A “head node” computer runs a software application
called a “scheduler,” which distributes computing jobs to the worker nodes.
The scheduler maintains a “job queue” of work for the worker nodes. Typ-
ically the running of a program or script, a job involves sending the program
and input files to a worker node, running the program, and sending the
resulting output files back to the user. Some jobs may use a single node to
run a program, whereas others, using parallel programming tools such as
the “message-passing interface” (MPI) may harness a set of nodes running
concurrently and exchanging messages to coordinate and perform parallel
computations. A file server provides a file system that is typically shared
among all worker nodes and the head node. Files going to and from jobs
may reside on this shared file system, or on private file systems that reside
on each worker node. Finally, a network such as commodity Ethernet or
the higher-speed Myrinet (see http://www.myri.com) is required to link
these computers together. For researchers using a Grid cluster, the Grid
appears as modeled below in figure 7.1.

Grids and their user communities are often organized as “virtual
organizations” (VOs), which consist of groups of collaborating users, typ-
ically from multiple real-world organizations such as university depart-
ments and laboratory divisions or corporate departments, that are working
together to solve a problem or related set of problems (Foster, Kesselman,
and Tuecke, 2001). The member organizations that make up a VO may
also contribute resources for community use, such as allocation of com-
puting clusters and network-accessible storage, or in some cases, a physi-
cal instrument of significant scale and community value such as an electron
microscope, a particle accelerator, a fusion reactor, or an earthquake 
engineering “shake table.” Virtual organizations may have no physical
resources of their own, but may be granted allocations of resources 
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Figure 7.1
(a) Researcher’s view of the Grid. Users submit compute jobs using the virtual data
language and drawing from a virtual data catalog. Resources from distributed sites
are dedicated (e.g., fully supporting Grid-related activity) or shared (e.g., local jobs
given priority) and supply contributed Grid services toward job completion. Note
that Grids may vary in size to include the computers in a single laboratory, a build-
ing, a campuswide system, or an entire country. (b) Grid3 currently consists of 30+
sites in the United States and South Korea.
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contributed by other communities or funding agencies. Several large-scale
Grid VO projects are worth noting for their scale as well as their broad-
based, research-oriented resource sharing.

TeraGrid
A virtual computing infrastructure funded by the National Science 
Foundation (NSF), the TeraGrid is built from five (ultimately, nine or more)
individual clusters (themselves built from smaller computers, or nodes),
having nearly 1 petabyte of networked disk storage and linked by a cross-
continent network backbone with a transmission speed of 40 gigabytes per
second—four times faster than the fastest local area commodity networks
currently in use. Its name reflects the scale of the computing power that it
provides: 20 teraflops—a trillion floating point operations per second.

Grid Physics Network
A large-scale project also funded by the NSF, GriPhyN was created to
explore ways to harness Grid computing to enhance the scientific produc-
tivity of large-scale, collaborative, data-intensive physics experiments.
GriPhyN applies the concept of “virtual data” to make scientific data-
processing workflows and the utilization of distributed resources as easy for
individuals and collaborations to use as a single, local computing system.

International Virtual Data Grid Laboratory, Particle Physics Data Grid, and
Grid3
Two other large-scale users of the Grid, IVDGL and PPDG have worked in
close collaboration with GriPhyN to create Grid3—a large-scale interna-
tional test Grid of unprecidented scale, pooling the resources of over 30
sites to form an aggregate computing resource with over 3500CPUs and
many terabytes of storage (figure 7.1b). Examples of several such Grid3
projects currently under way are listed in table 7.1.

European Data Grid, Large Hadron Collider Grid, and Enabling Grids for
E-Science in Europe
A project sponsored by the European Commission to develop tools for data-
intensive science, the European Data Grid (EDG) was created to serve the
needs of the high-energy physics community in analyzing data acquired
from the Large Hadron Collider (LHC), based at CERN in Geneva. The
EDG evolved in 2004 into a new project, Enabling Grids for E-Science in
Europe (EGEE; see http://public.eu-egee.org), which combines earlier high-
energy physics with biomedical applications.

148 John D. Van Horn and colleagues



Each Grid site or resource provider brings a set of services, typically,
storage elements (SEs) and compute elements (CEs). For instance, there are
currently 30 sites on Grid3, each contributing computational and data
resources, with more expected soon. Such projects demonstrate the utility
of the Grid for bringing together consortia of researchers all interested in
drawing from the shared pool of research data and computing resources
they all have to offer. Community-oriented fMRI research collaboratives,
individually possessing large data sets (e.g., BIRN), or distributed
researchers seeking to combine effort in drawing from large-scale data
repositories (e.g., the fMRIDC), are prime candidates for neuroscience-
oriented Grid VOs.

Principles

Components of the Grid

The Grid requires a rigorously designed collection of protocols and stan-
dards by which data and services may be utilized. Many different tech-
nologies exist to provide Grid users with catalogs that describe what
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Table 7.1
Several leading Grid3 projects for high-volume, high-throughput distributed 
computing

Project Name Description and URL

ATLAS “A Torroidal LHC Apparatus”—a high-energy physics experiment
at the Large Hadron Collider (LHC) at CERN
http://atlas.web.cern.ch/Atlas/Welcome.html

BTeV “B-Physics at the Tevatron”—a high-energy physics experiment
being conducted at Fermilab to explore so-called B-Physics.
http://www-btev.fnal.gov

CMS “Compact Muon Solenoid”—a high-energy physics experiment
at the Large Hadron Collider (LHC) at CERN
http://cmsinfo.cern.ch/Welcome.html

LIGO The Laser Interferometer Gravitational Wave Observatory—a
coalition of research centers for analyzing gravitational wave data.
http://www.ligo.org

SDSS The Sloan Digital Sky Survey—a project to map and analyze all
celestial objects in a given region of the sky.
http://www.sdss.org

GADU Genomics Analysis and Database Update
http://compbio.mcs.anl/gov



resources are present at the different sites of a Grid. These include the 
Monitoring and Discovery Service (MDS) of the Globus Toolkit, as well
other Grid-specific catalogs (see http://www.ivdgl.org/grid2003). Here we
describe the principal software components of Grid computing, from which
the Grids described above are constructed.

Globus Toolkit
Providing a large set of services for the creation of Grid systems and is 
produced by the Globus Alliance (see http://www.globus.org), the Globus
Toolkit (Foster and Kesselman, 1998) has gone through several major
releases, each of which have brought new standards and interfaces for inter-
action with distributed resources.

Public Key Infrastructure
Grid security is based on the Public Key Infrastructure (PKI), and uses
methods of public/private key pairs to give Grid users a “single sign-on”
capability: authenticate once, and create a long-lived “proxy” certificate
that can be presented to gain access to Grid services such as the ability to
run a job on a remote cluster or to transfer files between clusters. A service
from the European Data Grid called the “Virtual Organization Member-
ship Service” (VOMS) is used to map identities from the individual VOs to
a local UNIX account.

Grid Resource Allocation and Management
The fundamental component for running computer jobs on the Grid is an
element of the Globus toolkit called “Grid Resource Allocation and Man-
agement” (GRAM). A site’s resources may be managed by schedulers such
as Condor, the Portable Batch System (PBS), the Load-Sharing Facility
(LSF), and many others. GRAM provides Grid users with a single, uniform
interface that permits them to execute and manage jobs on any site of a
Grid, without knowing the details of the specific cluster that schedules the
software managing the resources of those sites. GRAM provides mecha-
nisms for transporting input data to remotely running jobs and for retriev-
ing output back from them; it is supplemented by Condor-G (Frey et al.,
2002), which provides the user with a local queue of jobs being sent into
the Grid, the ability to manage the relative priorities and submission rates
of jobs in that queue, and several other important features.

Grid File Transfer Protocol
A file transfer service based on the Internet RFC standard file transfer pro-
tocol, the GridFTP has extensions to support high-volume data traffic. The
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Globus GridFTP server supports the Grid Security Infrastructure (GSI)
system to enable single sign-on access to data from any site on the Grid.
Many large “data challenge” tests have been conducted using GridFTP to
transfer at a rate of many gigabytes per second. Indeed, the entire fMRIDC
multiterabyte data archive is accessible via GridFTP. This service is used by
remote jobs to transfer data to the site where the computation is performed.
GridFTP contains many capabilities that provide the high-performance data
transfer required of large-scale data-intensive scientific and engineering
applications, including sending multiple streams of data between two
servers, strapping multiple servers together, and being able to restart a trans-
fer from any point within a large file. GridFTP serves, for batch jobs running
across the Grid, as a ubiquitous data transfer protocol, capable of moving
data from any Grid site to any other.

Replica Location Service
The strategy of caching or replication is supported in Grid by a cataloging
system called the “Replica Location Service” (RLS) component of the
Globus Toolkit. This service uses a relational database to create local
“replica catalogs,” which describe what files exist on the site, and index
services, which help speed up lookups for a naming service that can scale
to tens or hundreds of millions of file entries Grid-wide. The RLS can 
also be shared by a distributed group of scientists to specify a common
input data set and a name space created for the individual output files from
experimentation.

Virtual Data Model

Having outlined the basic groundwork by describing both the mission and
nature of the fMRIDC and the Grid computing paradigm and tool sets, we
now move on to describe first, how the Virtual Data Model serves to make
Grid computing easier and scientific data management more conducive to
active research, and then (in the “Applications” section) how this concept
has been applied to explore the benefits of Grid computing to fMRI research
and data management.

Virtual Data Toolkit
Underlying software technology is needed to deliver data to different groups
collaborating across sites, to keep the various sites involved in joint proj-
ects in sync, and to serve as a technology transfer vehicle to still other col-
laborations. The Virtual Data Toolkit (VDT) provides just such software
technology.
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Virtual Data Language
“Virtual data” is a concept that builds on, automates, and seeks to sup-
plement and eventually to replace the traditional practice of recording the
steps of a data analysis effort in a logbook or in ad hoc online records. The
process of “virtualizing” data involves describing the steps needed (or used)
to produce a data object, using a methodical, high-level, declarative speci-
fication. Several important benefits derive from this approach, and serve as
a productivity lever in the scientific data analysis process. They enable a
data object to be produced anywhere in a distributed environment such as
the Grid, while freeing the scientist from implementing the complex
mechanics of such “location-independent computing.” Moreover, they serve
to keep accurate, high-fidelity records of how each data object was pro-
duced and how data analysis routines and transformation tools were used.
They enable intermediate or even “final” data to be discarded and re-
created later if necessary (hence making such data “virtual”). The tool set,
which enables the use of the virtual data paradigm, is called the “Virtual
Data System” (VDS; see http://griphyn. org/vds) and is bundled into the
Virtual Data Toolkit to facilitate both the use and the construction of Grid
computing environments.

At the heart of the Virtual Data Model is the virtual data language
(VDL; Foster et al., 2002) used to express computational procedures for
data derivation. The VDL consists of elements to process declarations of
workflows and a virtual data catalog in which to store VDL declarations
and records of workflow execution. “Planners” map VDL-specified work-
flows into a sequence of concrete actions for a specific computing environ-
ment such as a local system or a distributed Grid. With VDL, the individual
computation actions that one defines are typically the invocation of a single
application program, query, or Web service. These “atomic” actions are
then linked into workflows of arbitrary complexity using VDL statements
to declare data derivation steps and functional compositions of these steps.
Depending on the level at which the Virtual Data System tool set is used,
scientists may either work directly with VDL, or with tools that produce
and execute VDL workflows for them.

Most scientific analysis processes to which the Virtual Data Model
would be applied involve a “workflow”: a series of interdependent steps
that lead from input data through a series of data transformations, reduc-
tions, filtrations, and so on, to the data sets needed to support and present
scientific findings and conclusions. A straightforward workflow typically
resembles a “pipeline”—that is, a series of sequential steps in data pro-
cessing. More complex workflows are described in terms of graphs (from
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discrete mathematics) that link a set of data objects with a set of process-
ing steps in arbitrarily complex patterns. Workflows that proceed from
beginning to end, with no loops or backtracking (“cycles”), can be
expressed as “directed acyclic graphs” (DAGs; figure 7.2). Note that DAGs
can be used to indicate both data and control flow dependencies, and, of
particular use in distributed computing, to determine which steps of a work-
flow can be executed in parallel. This is presented in the leftmost DAG in
figure 7.2a, where both transformations “× 2” in the diamond can be exe-
cuted in parallel (figure 7.2b), as can each level of transformation tasks in
the middle and rightmost multinode DAGs.

Virtual data language provides two basic declaration statements:
transformations and derivations. Transformations encapsulate or “wrap”
an application program by providing a specification of the input files read
by the application, the output files produced by it, and the arguments it
accepts and requires. Transformations are like function declarations in that
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file 1

x1

file 2
x2 x2

x3

x1

x2

file 3

TR tr1(in a1, out a2) {
argument stdin = ${a1};
argument stdout = ${a2}; }

TR tr2(in a1, out a2) {
argument stdin = ${a1};
argument stdout = ${a2}; }

DV x1->tr1(a1=@{in:file1}, a2=@{out:file2});
DV x2->tr2(a1=@{in:file2}, a2=@{out:file3});

a)

b)

Figure 7.2
(a) Workflow patterns are routinely visualized in the form of directed acyclic graphs
(DAGs), shown here of increasing complexity from left to right. (b) Virtual data
language (VDL) pseudo-code representation of simple data-processing pipeline
DAG.



they specify a template for invoking an application. Declaring the inputs
and outputs of the application is the key to enabling applications to run
transparently anywhere in the Grid. Derivations provide the argument
values necessary to invoke a transformation. Like function calls in a pro-
gramming language, derivations can executed immediately, or can be stored
for later, possibly repetitive execution. A sample of virtual data language is
shown in figure 7.3. The VDL transformation (TR) statement defines a
transformation, and the derivation (DV) statement, a derivation. (Note that
the TR in a VDL program has no connection at all with the MRI concept
of “repetition time”; VDL is an independent, application-neutral language.)

Virtual Data Catalog
This provides a database called a “virtual data catalog” (VDC) for storing
transformation and derivation definitions and the invocation records that
are created each time a derivation is executed. The VDC serves as a central
focal point of scientific data analysis, collaboration, and information
recording and sharing. It plays the role of a specialized metadata catalog
that contains information about the interfaces of application programs
(arguments, input files, and output files), the “recipes” for calling these
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TR air::alignlinear( in standard_hdr, in standard_img,
in reslice_hdr, in reslice_img,
out airfile, none args) {

argument = ${standard_hdr};
argument = ${reslice_hdr};
argument = ${airfile};
argument = args;

}
DV fmridc::2-2004-1234JD-01_run1->air::alignlinear(

standard_hdr = @{in:"100-3_anonymized.hdr"},
standard_img = @{in:"100-3_anonymized.img"},
reslice_hdr = @{in:"100-5_anonymized.hdr"},
reslice_img = @{in:"100-5_anonymized.img"},

airfile = @{out:"100-5_anonymized.air"},
args =  "-m 6 -t1 80 -t2 80 -s 81 27 3 -q"

);

Figure 7.3
Virtual data language derivation to invoke the declarations of an automated image
registration (AIR) transformation. The transformation (TR; not to be confused with
repetition time in MRI imaging) defines the operation to be performed and the der-
ivation (DV) actually carries out that operation. Derivations may be strung together
in workflow scripts to form more complex data-processing pipelines and build up
a catalog of commonly used processing operations (e.g., spatial realignment).



applications to perform specific tasks and for deriving data files, logs
records on how, when, and where the applications were invoked, how they
performed, and how specific data files were produced. The VDC can be
queried to provide this information, and such knowledge can play a key
role in the process of organizing, specifying, documenting, assessing, or
reproducing a data analysis effort.

To begin, researchers require a virtual data catalog, typically in the
form of a database hosted by a PostgreSQL, MySQL, or eXist server. They
also require a client workstation on which the Virtual Data System is
installed and a “submit host” on which to initiate Grid jobs. User authen-
tication credentials are required in the form of a Grid certificate that is
authorized to use one or more Grid sites that provide computing and
storage resources. The final component is access to a replica location service
to catalog input and output files for a workflow.

The application programs to be executed are first described with
virtual data language transformation statements, and these definitions are
stored in a virtual data catalog. Once the transformations are cataloged,
derivation (DV) statements to invoke them can be coded and cataloged in
the VDC. Derivations are typically coded manually for initial tests, and then
later generated on a larger scale using a script to process an entire data set.
Languages such as Perl and Python are well suited for this task. Although
generator scripts form an essential part of the current process, their use will
gradually diminish as higher-level descriptive constructs are added to the
VDL to iterate over various forms of application-specific data set structures.

Workflow “procedures” can be defined in virtual data language by
grouping transformations together into workflow patterns that can be
reused multiple times within a larger workflow. For example, to perform a
multistage spatial filtering procedure on each file of a large data set, the
filter pattern could be defined as a “compound transformation,” which is
then executed using one (opposed to many) derivation statement for each
data set member.

From the definitions in a virtual data catalog, “abstract” workflows
are then derived using graph traversal tools that use cataloged derivation
definitions to create a graph of logical transformation invocations, creating
a requested set of data files. This graph traversal recursively searches the
catalog for definitions of the steps needed to produce the requested output
data products, thus creating a specification of all the derivation steps needed
to create the requested data. We call the output of this stage an “abstract”
workflow because it is completely location independent: its steps are tied
neither to any specific computing site nor to any specific physical file names
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at these sites (either for data files or executable applications). A “concrete
planner” is then applied to the abstract workflow and generates an exe-
cutable workflow for either a local environment (typically for testing VDL)
or for a Grid environment. The Virtual Data System planners that create
Grid-executable workflows employ a variety of strategies for when and how
they decide where in the Grid to run each derivation.

Certain workflows may consist of a huge number of steps, and may
take many days, or, in some cases that we have worked on, many months,
of Grid-wide computing to complete. Such large virtual data language
workflows are often used in particle physics (Mambelli et al., 2004), astro-
physics (Annis et al., 2002; Deelman et al., 2003), and genomics (Rodriguez
et al., 2004). In recent work, including the explorations using fMRI
described below, we employed prototype tools that provide higher-level
interfaces for executing such workflows on the Grid. With these tools, once
an abstract workflow is created, with the location-independent steps of a
scientific process, then all remaining steps are automated: initiating execu-
tion on the Grid, tracking the progress of the workflow, and recording for
diagnostic assessment any errors that occur.

Applications

To uncover and assess the issues involved in applying Grid virtual data tech-
niques to typical computing problems in fMRI data analysis, we have con-
ducted some preliminary experiments on Grid3 using the Virtual Data
System. We focused our examinations on using raw neuroimaging data
from the fMRI Data Center, on understanding how Grid resources could
be leveraged to perform large-scale analyses that would be too time con-
suming on the resources available to most researchers in the field, and on
determining how the procedures and derived data products from such
efforts could be shared as a community resource. Three workflow patterns
were chosen for more in-depth assessment: (1) the building of an averaged
“template” brain, (2) a spatial normalization, and (3) an independent com-
ponents analysis.

In our applications, we used application programs from the “Auto-
mated Image Registration” (AIR) package (Woods et al., 1998a, 1998b) for
performing spatial realignment and warping of brain image data. A virtual
data language transformation such as “AIR::alignlinear” was used to
describe the various arguments used in a run of typical linear alignment.
The input and output file arguments were specified in such statements, and
where useful, default argument values were assigned. VDL transformations
were created and cataloged for six different utilities from the AIR toolkit:
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“align_warp,” “definecommon_air,” “alignlinear,” “reslice,” “reslice_warp,”
and “softmean,” as well as several tools from FSL and other packages. The
VDL “name space” capability (the string “AIR::” in the example above)
was used to separate simple, unstructured tool names into different pack-
ages, both to avoid collisions and to serve as additional documentation and
a convenient search key. VDL derivation statements were then created to
execute the “alignlinear” tool on a specific set of input files. When exe-
cuted, the output files from such derivations were listed in a replica catalog
and an “invocation record” describing the run-time environment and
resource utilization of the invocation was saved in the virtual data catalog.

Our sample data sets were drawn from files from two published and
fMRIDC-catalogued studies: Buckner et al., 2000, and Head et al., 2004
(fMRIDC accession nos. 2-2000-1118W and 2-2004-1168X, respectively).
Since our purpose was to explore analysis methodology using the Grid,
rather than to test specific neuroscience hypotheses, we focused at this point
in our assessment of virtual data solely on software tool usage modalities
and on exploring how the fMRI research community might interact with
the Grid tools. In some instances, synthetic data sets that mimicked the
directory structure of the file system as well as the file types and sizes 
of the actual archived accessions under study were utilized for testing 
purposes.

Two data management tasks were required when moving from a
locally executed virtual data language workflow to running on the Grid,
and these were both assisted by utilities that we either enhanced or devel-
oped as part of our work. First, the application program (or suite of tools)
needed to be installed at all Grid sites where we sought to execute. This
was, as mentioned earlier, performed by a script that iterated over all (or
set of) Grid sites. The second task involved making the input files of the
workflow accessible to Grid jobs, which might be running at any site in the
Grid, in a location-independent manner. This was accomplished by scripts
that copied the input file set to a file system served by the Grid file trans-
fer protocol, and then cataloged the files in the replica location server that
served our study. This effort, too, was heavily automated and assisted by
utility scripts that will be incorporated into the Virtual Data System, to
make the copy-and-catalog steps as simple as an ordinary secure copy (scp)
command from the SSH Communications Security tool set (Ylonen et al.,
2001).

Our first sample application was a workflow for functional MRI
analysis of the spatial normalization of data to a known brain template
space. The input files for this workflow are high-resolution anatomical
volumes. We created a workflow that would reorient and spatially 

157 Grid Computing and Neuroscience Computation



normalize the data to the standardized brain atlas from the Montreal 
Neurological Institute (MNI). Since the volumes needed to be in a similar
orientation we selected a single study with a large number of anatomical
volumes. This study (fMRIDC accession no. 2-2004-1168X) had four
anatomical volumes per subject with 120 subjects. An example of a result-
ing spatially normalized image volume is shown in figure 7.4a. Using these
same anatomical images in a second sample application, we designed a
workflow to create an average normalized brain from the whole popula-
tion of subjects. Figure 7.4b shows a less-detailed view of the directed
acyclic graph for this process as well as the normalized “average brain”
from this study.

Finally, in a third sample application, designed to demonstrate the
processing throughput advantages of using the Grid, we constructed an
independent components analysis workflow, which we then applied to a
large fMRIDC data set (fMRIDC accession no. 2-2000-1118W) to extract
interesting spatiotemporal features from the raw data (figure 7.5). Inde-
pendent components analysis has proven to be a useful tool for under-
standing underlying functional systems in the brain, in particular, for
assessing the role of baseline levels of brain activity (Greicius et al., 2004).

In our case, the use of ICA, though not necessarily intended to
examine the brain systems underlying cognitively induced signal change in
systems of distributed brain regions, was deemed to be a useful means for
benchmarking Grid performance. We used MELODIC 2.0 (Beckmann and
Smith, 2004), from the Oxford Center for Functional Magnetic Resonance
Imaging of the Brain (FMRIB), as distributed as part of the FMRIB 
Software Library (FSL) tool suite. The MELODIC code requires a four-
dimensional ANALYZE or NIFTI data set as input. We ran this workflow
extracting 36 components from a 160-volume time course for a single
subject in a study drawn from the fMRIDC archive: Buckner et al., 2000
(fMRIDC accession no. 2-2000-1118W-01).

To characterize the computational performance of this workflow, we
compared its performance to that expected from a standard Unix (bash)
shell script (table 7.2). Although the workflow and shell script have similar
time scales for processing a single time course, the number of jobs per-
formed in serial using a shell script would take a theoretical 162 hours
(nearly a week) of processing time to produce a complete set of independ-
ent components analysis results for 30 such time courses. In contrast, using
the Virtual Data System, regardless of the number of processing jobs sub-
mitted to the Grid, would take less than 6 hours. This is an obvious advan-
tage of parallel versus serial computing, although it should be remembered
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Figure 7.4
(a) Detailed directed acyclic graph (DAG) to spatially normalize a subject’s anatom-
ical brain image data to the Montreal Neurological Institute (MNI) brain template
atlas. The cutaway anatomical template image was constructed using this workflow
and data available from the fMRIDC. (b) A Higher-level view of a workflow DAG
to spatially normalize multiple brain image volumes to the MNI template atlas and
create a population-based average. Only the first few of the number of subject image
volumes input to the workflow are shown here for illustrative purposes. The result-
ing “average brain” (with skull partially removed) is also shown.
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Figure 7.5
Directed acyclic graph (DAG) for performing an independent components analysis
(ICA) using the FMRIB Software Library (Oxford) Melodic 2.0 routine and for use
in benchmarking Grid performance on neuroimaging data. Any Analyze- or Nifti-
compatible image viewer, such as the Java-based, Web-enabled viewer from the
fMRIDC, can be used to view output images.

Table 7.2
Speedup chart for FMRIB Software Library independent components analysis using
the Grid (hours : minutes)

Estimated Virtual Data
Number of Processing Jobs Shell Script Duration System Duration

1 5:24 5:28
10 54:00 5:28
20 108:00 5:28
30 162:00 5:28

Timings based on 2.8GHz Intel Xeon, 512MByte RAM processors. Dataset was a
single fMRI run having 160 volumes, 79 × 95 × 68 voxels, 16-bit integer precision.
It was assumed that (1) all systems were identically configured; (2) all queued jobs
were executed immediately; and (3) the time needed to transfer data was identical
between Grid sites. Virtual Data System overhead: Condor-G + Globus GRAM +
SGE overhead: 90 seconds; pre- + postprocessing (for the selected data set): 160
seconds.



that the computational hardware for running the VDS does not reside
locally and is available only as a consequence of using Grid. The Virtual
Data System also has the benefits of queries, provenance tracking, param-
eter specification, as well as having the ability to create “compound work-
flow functions,” whereas traditional shell scripting may not.

Limitations

The following observations from our experience with using virtual data
techniques for fMRI analysis address both the potential advantages of the
approach and the next steps we have identified for making the approach
useful to the fMRI research community.

Scalability and Location-Independent Computing

Perhaps our most important finding is that the data and parameter encap-
sulation provided by virtual data language and the virtual data approach
lends itself quite well to a powerful and valuable model of “location-
independent computing.” Specifically, when a sequence of analysis steps in
a science workflow is described in VDL rather than in an ad hoc script, the
precise declarations of the workflow’s input and output files enable the use
of automated “planner” and “executor” services. These Virtual Data
System components handle all the tedious, error-prone work involved in
dynamically selecting an execution locale for each step of the workflow.
They automatically perform all of the explicit load balancing, data 
moving, data lookup, and cataloging actions required in a distributed 
environment.

Data Provenance Queries

Once studies have been run on the Grid using the Virtual Data System, a
great deal of useful information on workflow structure, tool relationships,
and data derivation attributes can be found in the virtual data catalog. From
answers to specific queries, researchers can determine what parameters were
used in deriving the datum in question, discover the derivations employed,
and use this information to assess the derived object’s validity. For example,
they can ascertain whether a specific result was derived from an input brain
image that had been anonymized, or had been registered by a linear align-
ment using a specific affine model.
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Processing Data Sets

Presently, the virtual data language operates on individual files. To operate
on structured, multifile or multidirectory data sets such as those in the
fMRIDC archive, which are common throughout the field of fMRI and
imaging studies in general, we frequently employ a “generator”—a script
typically written in a higher-level scripting language such as Perl or Python.
A generator serves, in part, as a “higher-level transformation”: given a data
set (a subset of the files in a directory tree), it performs a Virtual Data
Toolkit transformation on each member of the data set, and operates by
producing VDL derivations with the appropriate argument substitution.

File- and Directory-Naming Conventions

An area critical to the fMRI data set model is to establish natural, uniform
conventions for the expression and manipulation of the file names and
directory paths with a large archive and among the intermediate and final
outputs of the workflow. To facilitate the use of fMRIDC data sets on the
Grid, a flexible but general set of file name conventions is needed, one that
can serve the entire user community (e.g., Nifti).

Community Setup and Usability

From our efforts, a picture is emerging of the type of community infra-
structure needed to bring the benefits of virtual data methods and Grid com-
puting to fMRI researchers. A logical next step in our continuing studies
will be to Grid-enable the fMRIDC archival file server with the Grid file
transfer protocol (GridFTP) service. An initial installation of this has been
completed, which will enable us to grant secure and high-speed access to
the entire fMRIDC archive with the GridFTP. A dedicated fMRIDC replica
location service is being established that will enable portions of the archive
to be cached throughout a Grid such as Grid3. As the studies proceed in
parallel, significant network data transfer reduction can thus be expected
from this caching model.

Our explorations have demonstrated great benefits from the auto-
mated site selection and load balancing mechanisms that are part of various
research tools within the Virtual Data System. Preliminary work on pre-
dicting completion times for workflows will be highly valuable to science
users. Continued enhancement of such fault-tolerant recovery mechanisms
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is critical in a Grid environment, as are diagnostics that permit end users
and administrators to easily determine what may have failed in a long-
running workflow, and what corrective actions are required.

Integration

With the collection of neurobiological data into large databases and the
availability of Grid-enabled means for large-scale data processing, a new
form of discovery-oriented neuroscience is on the horizon. Researchers are
increasingly wanting to examine vast and disparate collections of data in
their hunt for unseen patterns that might provide clues to underlying bio-
logical mechanisms. By providing input for pattern-seeking and other rele-
vant algorithms (see Ma, Tromp, and Li, 2002; Jones and Swindells, 2002;
Schutte et al., 2002), the terabytes of data being collected in many fields
can provide further insights into complex processes. The well-known 
successes of molecular biology, biomedicine, and astrophysics infrastruc-
tures have enabled experts in computer science, mathematics, and statistics
to make significant contributions to these fields, from which most of their
expertise would otherwise have been excluded. The need to build on 
these successes and to extend them to a wider set of scientific research
arenas is an ever-present theme (see Altman, 2003; Brookes, 2001; Persson,
2000).

A discovery science for brain function will undoubtedly be located at
the interface between large-scale archives of primary data and Grid com-
puting capability. Indeed, we contend that functional neuroimaging could
become a leading example of this phenomenon, whereby patterns of brain
activity present across multiple subjects and dozens of studies can be sys-
tematically extracted and examined using Grid-based tools. The data from
a published fMRI experiment contributed to a public repository such as the
fMRIDC can be directly examined using Grid-capable tools by students and
researchers who devise new and more sophisticated algorithms for analyz-
ing the functional time courses. But where to begin? How can we move
toward this vision?

In the first place, it is not difficult to envision the development of 
collections of Virtual Data System–based MRI processing tools that enable
users to easily analyze data from the fMRIDC study data archive. The VDS
would provide the virtual data catalog for many commonly used neu-
roimaging data transformation and derivation definitions, as well as basic
scripts to instantiate many commonly used multistep data-processing
pipelines (e.g., three-dimensional image registration). Utilities would be 
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provided to users so that the might easily set up Grid workflow runs, trans-
fer and catalog fMRI datasets, and monitor remote program execution.
Users could draw from the library of virtual data scripts provided or con-
tribute their own virtual data transformations and scripts with accompa-
nying directed acyclic graphs. More than just a repository for code, virtual
data language pipelines performing like operations (e.g., spatial normaliza-
tion) could be benchmarked for speed and accuracy and ranked accord-
ingly. Those most highly ranked could become the “industry standards,”
determined not by committee, but by community, through usage statistics
and rigorous assessment across multiple published data sets. In contribut-
ing their published studies to the fMRIDC, rather than providing a full-
fledged data-processing narrative, authors could simply provide the virtual
data language transformations, derivations, and scripts to the archive. Thus
each study would have not only gigabytes of data, but also a ready means
of replicating the exact analysis steps used by the original study authors.
Variations on the order of transformations or pipelined operations could
be tried to assess the properties of the resultant statistical outcomes (see,
for example, LaConte et al., 2003). Finally, virtual data language scripts
could also maximally leverage study metadata to process data contingent
on various study, subject, or protocol parameters. For instance, the spatial
normalization VDL script could be weighted by subject age and the data
processed using an age-stratified brain template atlas. In this way, subject
structural image volumes would be “normalized” to age-appropriate brain
templates rather than some, supposedly, “ageless” stereotactic atlas.

As for computing resources, users already have what it takes to begin
such Grid-level analyses now, with no need for large computers and massive
disk arrays per se. Virtual data language–based algorithms are run 
on “virtual” fMRI data and submitted to the Grid, which transparently 
distributes the data-processing workload to geospatially distributed 
computers.

Rapid processing of large quantities of data in this way will lead to
new scientific outcomes and patterns of results not envisioned through the
examination of each study individually. Such patterns can suggest funda-
mental mechanisms, and the mechanisms can, in turn, suggest testable bio-
logical experiments to foster new hypothesis-driven research. Confirmed
mechanisms add to the knowledge base of neurobiological science and
provide the basis for further experimentation and the generation of still
more valuable data that can be included in still greater analyses. This greater
knowledge about fundamental cognitive processes will then suggest new
and testable hypotheses that will lead to novel fMRI experimentation, the
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data from which will be contributed back into the publicly available
archive.

Such a cycle of science (figure 7.6) thus becomes a driving force behind
the research endeavor and accelerates the growth of accumulated knowl-
edge. It fosters greater use of costly and complex sets of brain imaging data,
broadens the scope of the findings published in the literature, and serves to
educate the next generation of neuroscientists.

Conclusion

Publicly available archives of primary fMRI data and distributed Grid 
computing are already playing important roles. The interface between 
these two domains promises unique neuroscientific outcomes giving rise 
to discovery science and broadening the scope of education. Moreover, 
with further refinements to standards and protocols for Grid computing,
many forms of fMRI analyses may soon not be run on local machines at
all, but will instead be performed using the resources of many geographi-
cally distributed computers. With more data present in these valuable
archives and sophisticated Grid-based applications, greater opportunities
for the genesis of new hypotheses and real scientific progress are just around
the corner.
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Eye Movements

John M. Henderson

This chapter considers the measurement of eye movements as a methodol-
ogy in cognitive science. There are at least four reasons why this topic is
important. First, a complete theory of human cognition must include an
account of eye movements. Human vision is a dynamic process in which
the perceiver actively seeks out visual information in the service of ongoing
mental and behavioral activity. Indeed, virtually all animals with developed
visual systems actively control their gaze using eye, head, and body move-
ments, singly or in combination (Land, 1999). Active vision ensures that
high-quality visual information is available as needed to support perceptual
and cognitive processing as well as behavioral activity, and can simplify a
large variety of otherwise difficult computational problems in vision and
cognition (Ballard, 1996; Ballard, et al., 1997; Churchland, Ramachandran,
and Sejnowski, 1994). A complete theory of human cognition therefore
requires that we understand (1) how visual and cognitive processes control,
in real time, the direction of the eyes in the service of the mind (the issue
of gaze control); and (2) how visual and cognitive processes are affected by
where the eyes are directed at any given moment.

Second, a complete theory of visual attention must include an account
of eye movements. It has been well known since the emergence of psy-
chology as a scientific discipline that attention plays an important role in
our ability to take in and process visual information. Although visuospa-
tial attention can be investigated independently of eye movements, the more
natural case is one in which covert attentional systems (internal attention
systems not related to physical changes in the orientation of the receptors)
and the overt eye movement system work together. Indeed, it has recently
been argued that studying attention independently of eye movements is mis-
guided and misleading (Findlay and Gilchrist, 2003). Whether this is true
or not, there is no doubt that, in the more natural case, the control of atten-
tion and gaze control are tightly linked if not identical.
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Third, a complete theory of visual processing must include an account
of eye movements. Until recently, it has been less well appreciated that limits
to attention are imposed by the physical properties of the visual receptors
themselves, with factors such as visual acuity and lateral masking placing
severe restrictions on the amount and type of information that can be
acquired from a complex visual scene during a given eye fixation. This fact
is perhaps most easily recognized in reading, where the need to extract high
spatial frequencies from text in alphabetic languages makes it imperative
to fixate most words. By way of informal demonstration, the reader is
invited to fixate the following “X” and attempt to read the text four lines
above without making an eye movement. Because letter perception is
restricted to a very narrow region around fixation, the eyes must be actively
guided through the text during reading (Rayner, 1998); acquisition of fine
detail from the larger visual world is similarly limited.

The phenomenon of “change blindness” provides an excellent 
empirical demonstration of the principle that the encoding of visual infor-
mation from a real-world scene is tightly tied to the position of fixation
(Hollingworth and Henderson, 2002). In the first reports of change blind-
ness, apparently obvious changes to a visual stimulus went unnoticed when
those changes took place across a saccade during reading (Rayner, 1975;
McConkie and Rayner, 1975) and picture viewing (Bridgeman, Hendry, and
Stark, 1975; see also Currie et al., 2000; Grimes, 1996; Henderson and
Hollingworth, 2003a). For example, presented with a complex photograph,
subjects usually failed to notice that the heads of two men were exchanged
during a saccade (Grimes, 1996). Interestingly, change blindness across 
saccades is essentially eliminated when the changed object is fixated 
(and concurrently attended) before and after the change (Hollingworth and
Henderson, 2002; see also Hollingworth, Schrock, and Henderson, 2001)
because visual memory is also strongly tied to fixation location (Nelson and
Loftus, 1980). These results highlight the fact that, presented with a
complex scene, our visual processing proceeds, not equivalently and in par-
allel, but rather preferentially and around the fixation point where acuity
is best and attention is typically focused.

Fourth, as a methodological tool, eye movements provide an unob-
trusive, sensitive, real-time behavioral index of ongoing visual and cogni-
tive processing. This fact has been exploited to a considerable degree in 
the study of perceptual, cognitive, and linguistic processes in reading (see
Rayner, 1998), and to a lesser but still significant degree in the study 
of real-world scene perception (see Henderson, 2003; Henderson and
Hollingworth, 1998). In the last few years, eye movements have also been
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used to study an increasingly wide variety of visual and cognitive processes
such as visual search (Findlay, 2004), chess playing (Reingold et al., 2001),
and music reading (Truitt et al., 1997), to name only a few. Most recently,
eye movement recording has become a central tool in the study of natural
language production and comprehension as participants use language to
describe and understand their environment (Tanenhaus et al., 1995).

This chapter will review the use of eye tracking as a behavioral
methodology in cognitive science. It will focus on recent work in currently
active areas, touching on the types of measures derived from eye tracking
and what they reflect about the architecture of mind and brain.

Principles

To understand how inferences about the nature of cognition can be drawn
from eye-tracking data, it is important to gain an appreciation for the basics
of how the eyes behave during complex visuocognitive activity. Of partic-
ular interest are saccadic eye movements, in which a distinction is drawn
between two functionally important temporal phases: (1) fixations, when
gaze position is held relatively still so that the foveae remain directed at a
particular point in space; and (2) saccades, when the eyes move rapidly to
change fixation from one spatial location to another. Other major types of
eye movements include smooth pursuit movements, which support visual
tracking by keeping a moving object at fixation, vergence movements,
which direct the eyes to a common point in depth, vestibular-ocular reflex
(VOR) movements, which keep the eyes stably oriented despite head 
movements, and optokinetic nystagmus movements, which keep the eyes
stably oriented over large-scale movements of the environment. All of these
types of eye movements are important, and disruptions to the systems that
support them can reveal cognitive abnormalities (see Shaw and David,
chapter 2, this volume). However, with the potential exception of smooth
pursuit, these types of eye movements have typically not been used to reveal
the basic underlying properties of cognition.

Saccadic eye movements are very fast (e.g., 700 degrees per second or
faster; Carpenter, 1988). To a good approximation, the duration of a
saccade is a linear function of its amplitude, captured by the equation D =
2.2A + 21, where D is the duration in milliseconds and A is the amplitude
in degrees (Carpenter, 1988). For example, a 2-degree saccade typical of
reading would have a duration of about 25msec. In general, saccade dura-
tions are about an order of magnitude shorter than the durations of fixa-
tions. Due to a combination of visual masking and central suppression,
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visual uptake of useful information is essentially shut down during a
saccade, a phenomenon generically known as “saccadic suppression”
(Thiele et al., 2002; Matin, 1974; Volkman, 1986). Interestingly, there is
also evidence that some cognitive processes, particularly those associated
with spatial cognition, are also suppressed during saccades (Irwin, 2004).
The phenomenon of transsaccadic change blindness discussed earlier in the
chapter, in which seemingly obvious scene changes go unnoticed when they
take place during a saccade, occurs in part because visual processing does
not take place during the saccade itself.

The fundamental task of eye tracking is to determine the point in space
at which a viewer’s foveae are directed and the amount of time (measured
in msec) that they are directed there. The quality of the visual information
available to visual and cognitive systems during a fixation falls off rapidly
and continuously from the center of gaze (the fixation point) due to the
optical properties of the cornea and lens and the neuroanatomical structure
of the retina and visual cortex. The highest quality visual information is
acquired from the foveal region of a viewed scene, a spatial area subtend-
ing roughly 2 degrees of visual angle at and immediately surrounding the
fixation point. Centered at the optical axis of the eye where light is focused,
the fovea has a high density of cones with minimal spatial summation.
Although sensitive to the differences in wavelength that give rise to the per-
ception of color and able to preserve the high spatial frequency changes in
reflected light over space that support the perception of fine detail, the cones
require a relatively high luminance level to operate. Furthermore, a dis-
proportionately large amount of primary visual cortex is devoted to the
fovea (a property known as cortical magnification), providing the neural
machinery needed for initial visual computation that can take advantage of
this high-resolution input.

Eye tracking can be accomplished in a number of ways. The most
popular current systems typically illuminate the eye with infrared light and
capture the reflection of that light with the charge-coupled device (CCD)
array of a digital video camera. The video images are then processed by
image-processing hardware and software that compute the location of the
center of the pupil, either by itself or in conjunction with that of the corneal
reflection (the first Purkinje image). Limits in such systems are typically
imposed by the spatial resolution of the CCD array in the camera and the
temporal resolution of the video raster scan. For example, a CCD array
with 512 sensors vertically and horizontally could at best detect 512 × 512
different eye positions. Standard video raster rate is 60Hz, but systems that
operate at 240Hz are becoming common, allowing for eye position to be
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updated about once every 4msec. Both the spatial and temporal resolutions
of video trackers have been rapidly increasing with improving video tech-
nology, and this advancement is likely to continue. Dual Purkinje image
trackers, typically considered to produce the highest spatial and temporal
resolution for human use, capture the reflected first and fourth Purkinje
images (images from the front surface of the cornea and the back surface
of the lens) and track those points using an optical-mechanical servo system
(figure 8.1). Analog voltages related to the positions of mirrors that are used
to keep those images stable on a photocell are produced as output. In both
video and dual Purkinje image eye trackers, the concept is to measure reflec-
tions from the eye that are systematically related to the orientation of the
eyes in the head. When a system for tracking head position is also used,
head movement can be accommodated as well. Other types of eye-tracking
systems, such as magnetic scleral search coils, sclera trackers, and elec-
trooculograms (EOGs), have also been used in research, but are becoming
less favored for use with humans for reasons of invasiveness, difficulty of
use, and low spatial and temporal resolution.
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Figure 8.1
Participant on a modern dual Purkinje image eye tracker. (Figure originally pub-
lished in Henderson, 2004)



Once the orientation of the eye in the head has been determined, that
orientation can be mapped onto world coordinates. Typically, this mapping
is generated via a calibration procedure in which the observer is asked to
fixate specific targets, and the output of the eye tracker corresponding to
those targets in eye tracker coordinates is mapped onto the known world
coordinates for those same targets. Some method is then used to interpo-
late between the calibrated points. Eye trackers with linear output are pre-
ferred because interpolation is more straightforward. When the head of the
observer and the world remain stable with respect to each other, the
mapping from eye tracker coordinates to world coordinates is relatively
straightforward, which is one reason that many uses of eye tracking require
that the participant’s head be held as still as possible (e.g., with a forehead
or chin rest, or a bite bar) or that some method be used to compensate for
small head movements (e.g., using the corneal reflection or an image of ref-
erence points in the world as a measure of head translation and rotation;
Buswell’s eye-tracking apparatus used a chromium bead for this purpose).
Keeping the head and world stable also makes separating different eye
movement behaviors (e.g., saccadic and smooth pursuit movements, and
fixations) easier to automate. And because eye tracker coordinates can 
be mapped directly onto unchanging world coordinates, automatic data-
scoring methods can be used to determine where and for how long areas
of the world are fixated. That is, because when the head is still, eye tracker
coordinate Xe,Ye always maps onto world coordinate Xw,Yw, software can
be developed for directly analyzing the eye tracker output in world 
coordinates of interest.

For mobile eye tracking where the viewers are free to move their head
or body (figure 8.2), mapping eye tracker coordinates onto world coordi-
nates is more challenging. Typically, free-movement eye trackers include a
scene camera that is used to record an image of the scene that is directly in
front of the viewer. The eye-tracking coordinates are then calibrated against
the image captured by this scene camera rather than directly against the
world. The region of the environment visible to the observer and preserved
by the scene camera changes as the observer rotates and translates in space.
In this case, eye tracker coordinate Xe,Ye always maps onto a given scene
camera coordinate Xc,Yc, but neither of these coordinates will necessarily
map onto a given world coordinate Xw,Yw. Concretely, if a viewer is looking
straight ahead at a penny on the viewer’s desk, the scene camera will capture
the desktop with the penny in the center, and the eye tracker will place fix-
ation on the particular x,y pixel coordinate in that image where the penny
is to be found. If the viewer then turns to fixate a quarter that is now straight
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Figure 8.2
Participant wearing a portable, free-movement eye tracker. These eye trackers are
lightweight and allow the viewer freedom of head and body movement. The top
panel shows the electronics backpack and head goggles for outdoor use. The bottom
panel shows a close-up of the lightweight optics for indoor use.



ahead on the desk, the quarter will be centered on the scene camera, and
the eye tracker will produce exactly the same x,y coordinate as output (the
coordinate corresponding to visual straight ahead). Thus the eye tracker
output is not informative about what in the world is being fixated. Given
that computer vision is still some ways away from open-ended automatic
object and scene recognition, the eye tracker operator is required to hand-
score the resulting video output to map the eye tracking data onto the 
real world, an often tedious, laborious, and time-consuming process. An
important concern for increasing the use of eye tracking in real-world 
applications, then, will be to develop automated data analysis methods for
free-movement eye trackers.

Eye tracking has proved to be one of the richest and most important
sources of information about the perceptual, cognitive, and linguistic
processes that take place during reading. Furthermore, much that has been
learned about these processes generalizes to cognition more generally. Two
important issues for understanding eye movements in complex activity are
where fixation tends to be directed and how long it typically remains there.
For example, the finding that the duration of the initial fixation on a word
is longer if the word has a lower frequency in the language suggests not
only that lexical frequency is an important psycholinguistic variable, but
also that the cognitive system is highly sensitive to the relative frequency of
environmental stimuli more generally. The literature on eye movements in
reading is vast and justice cannot be done to it in the space provided here.
Interested readers are directed to the extensive review provided by Rayner
(1998), as well as the succinct overviews by Rayner and Liversedge (2004),
and Starr and Rayner (2001).

During reading, the eyes move across the page at a rate of about four
fixations per second. Most words in a text are fixated, and many words
receive more than one fixation. Shorter, higher-frequency, and more highly
constrained words tend to be skipped more often than longer, lower-
frequency, and less-constrained words. The majority of saccades carry the
eyes forward (rightward in English) through the text, though backward or
regressive eye movements are not uncommon. Average fixation durations are
about 225msec and average forward saccade amplitudes are about 8 char-
acter spaces or 2 degrees at a typical reading distance. Importantly, there is
considerable variability around these means within an individual and across
individuals. The durations of individual fixations on a word as well as the
cumulative durations of all initial fixations (gaze durations) are related to the
perceptual and cognitive processes associated with that word. For example,
the initial or first fixation duration on a word is affected by lexical factors
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(e.g., word length and word frequency), syntactic factors (e.g., syntactic fre-
quency), and discourse processes (e.g., anaphor resolution).

Development

In his book The Psychology and Pedagogy of Reading, Edmund Huey
(1908) noted that the earliest reports on the nature of eye movements 
in reading were published by Emile Javal in 1878 and 1879, and by 
Alexander Brown in 1895. Indeed, the use of the term saccade to mean a
rapid, jerky movement of the eyes as they moved to fixate a new position
was coined by Javal from his early observations of eye movements.
Although these studies represent the first use of “eye tracking” to study
visual and cognitive processes, as Huey noted, they consisted simply of
watching a subject’s eyes (directly or in a mirror) as the subject engaged in
an activity such as reading and of observing the nature and number of
related eye movements. Huey pointed out that, because such observation
was difficult and error prone, more objective methods were required to
produce a lasting record of the movements of the eyes. The earliest attempts
at creating eye trackers that recorded eye movements involved mechanical
devices. For example, a cup (ivory or plaster of Paris) was attached to the
eyeball, and changes in eye position were recorded by physically connect-
ing a recording stylus or brush to the cup that traced eye movements on a
physical medium such as smoked paper (e.g., Delabarre, 1898; Huey, 1908).
Although no doubt unpleasant for the user, many of the basic facts about
eye movements in reading were correctly established using these methods.

A photographic technique for recording eye movements was devel-
oped in the 1920s by Guy Buswell at the University of Chicago (see figure
8.3), one approaching the unobtrusive methods of modern eye tracking (see
also Tinker, 1936). Buswell recorded the light reflected from the cornea onto
a rotating photographic drum; he quantized the reflection with the moving
blades of a fan so that durations of eye movement behaviors could be deter-
mined. Buswell used this technique to record eye movements during reading
(Buswell, 1922) and viewing different types of pictorial images (Buswell,
1935). Buswell’s 1935 study was the first to bring these techniques to the
study of vision more generally, demonstrating that the eyes tend to fixate
informative image regions. In a later, better-known study, the Russian phys-
iologist Alfred Yarbus (1967) also reported eye movement data from 
subjects viewing a wide variety of pictorial stimuli.

Following these initial studies, which marked the “first era” of eye
movement research (Rayner, 1998), there was a significant fall off in 
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interest in eye tracking in psychology. The “second era,” which began in
the late 1960s and early 1970s with a resurgence of interest in eye track-
ing, was brought about by a convergence of factors including the decline
of behaviorism and the ascent of the cognitive paradigm within psychol-
ogy, the development of new eye-tracking devices based on video technol-
ogy and the dual Purkinje image method, and the availability of computer
systems that could be interfaced with eye trackers to collect and record large
amounts of data automatically. This new era led to a plethora of published
studies on eye movements related both to reading (e.g., Just and 
Carpenter, 1980; McConkie and Rayner, 1975; see also Rayner, 1998) 
and to picture perception (e.g., Antes, 1977; Friedman, 1979; Loftus and
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Figure 8.3
Eye-tracking apparatus used by Buswell in his 1935 eye movement study of how
people look at pictures. Figure originally published in Buswell, 1935.



Mackworth, 1978; Mackworth and Morandi, 1967; Parker, 1978; see also
Henderson and Hollingworth, 1998).

Although the use of eye tracking to study perceptual and language
processes in reading has continued relatively unabated from the mid-1970s
until today, its use to study complex scene perception fell off in the 1980s
before enjoying a sharp upswing in the mid-1990s. Two significant devel-
opments in eye tracking that have opened up the study of eye movements
in scene perception are the ability to interface sophisticated graphics systems
with eye trackers, allowing investigators to display complex photorealistic
images on a computer monitor, and the development of portable, free-move-
ment eye trackers that allow participants to move about and interact with
the environment while their eye movements are precisely tracked.

As mentioned above, a major driving force behind the development
of methods to record eye movements has been the study of skilled reading.
An important methodological development in the study of reading was the
eye-contingent display change technique (McConkie and Rayner, 1975;
Rayner, 1975), in which an eye tracker and display device are interfaced
with a computer, and the text displayed on the monitor is changed contin-
gent on characteristics of a reader’s eye position or movement. This tech-
nique provides a powerful method for investigating central issues in vision
and attention related to eye movements. For example, initial investigations
of the perceptual span, defined as the distance beyond fixation from which
useful information can be acquired during fixation, involved the use of the
tachistoscope. Estimates of the perceptual span in reading derived from the
tachistoscope were found to be misleading, however (Rayner, 1975, 1998).
To circumvent the problems associated with brief stimulus presentations,
McConkie and Rayner (1975) developed the moving window paradigm, a
version of the eye-contingent display change technique in which the text
surrounding fixation is displayed normally but the text farther from fixa-
tion is degraded in some way. Because the display is updated based on the
signal from the eye tracker, the region of text within the window moves
with the eyes, providing clear text wherever the reader looks and degraded
text elsewhere. By manipulating the size of the window of clear text and
the nature of the degradation outside the window, investigators can infer
the size of the perceptual span in reading for various sorts of information
such as letter identities, letter features, and word spaces (see Rayner, 1998).
The inverse of the moving window, a moving mask at fixation that creates
an artificial scotoma, has also bee used to study basic visual processes in
reading. These studies demonstrate the critical importance of foveal vision
in normal reading (Rayner and Bertera, 1979; Rayner et al., 1981).
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Eye movements during more general visual perception have tradi-
tionally been studied using pictures. In two classic studies, reported by
Buswell (1935) and Yarbus (1967), viewers were shown a wide variety of
pictures including photographs of paintings, sculpture, and individual
objects. These early studies established that eye movements during viewing
of complex visual stimuli are regular and systematic. Thus, for example,
viewers tend to fixate meaningful and informative regions of a picture at
the expense of visually uniform and semantically uninformative regions,
and their task influences what areas of a picture receive fixations (figure
8.4).

Following the Buswell and Yarbus studies, in the late 1960s through
the 1970s, eye movements were primarily studied using line drawings of
simple scenes. The falloff noted above in studies that investigated eye
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Figure 8.4
Scan pattern of a single viewer looking at a picture while searching for people in
the scene. The circles represent fixations and are scaled by fixation duration (shown
in milliseconds). The lines represent saccades. The subject began the trial by looking
at the center of the picture (the fixation lasting 194msec) and the scan pattern
unfolded from there. The scan pattern illustrates that only scene areas relevant to
the task (those likely to contain people) were fixated.



movements during complex scene viewing was caused in large part by the
difficulty of presenting, under precise experimental control, depictions of
complex visual stimuli that could reasonably stand in for the natural visual
environment, and by the difficulty of studying eye movements in the natural
environment itself. The display devices that allowed for the study of eye
movements in reading, including cathode-ray tubes (CRTs), were initially
not capable of presenting images more complex than simple line drawings
or cartoons. Thus, too, the resurgence of the study of eye movements in
complex scene perception in the mid-1990s was generated in large part by
the advent of high-quality digital imaging and digital display devices that
enable investigators to present realistic images such as high-resolution
digital color photographs and photorealistic computer renderings of three-
dimensional scene models.

Studies of scene perception using pictures have shown that both fix-
ation durations and saccade amplitudes tend to be longer in picture viewing
than in reading, with average fixation durations of about 300msec and
average saccade amplitudes of about 3 degrees. As with reading, there is
considerable variability in these characteristics both within and across 
individuals (see Henderson and Hollingworth, 1998; Rayner, 1998). The
increased average fixation duration apparent in picture viewing seems to be
due to a longer tail in the distribution rather than to a shift in the mode,
with a greater number of longer fixations in picture viewing than in reading
(Henderson and Hollingworth, 1998). (For a relatively complete review of
the use of eye tracking to study scene perception, see Henderson and
Hollingworth, 1998; for a brief introduction, see Henderson, 2004.)

As with scene perception, eye movements during face perception have
primarily been studied using pictures. In an important study, Yarbus (1967)
presented illustrations of viewers’ eye movement patterns on a number of
pictures of faces. For example, the viewing pattern on the profile bust of
the Egyptian Queen Nefertiti showed that eye movements were concen-
trated on the outside bounding contours of the face (figure 8.5, top panels),
whereas the viewing pattern on a second face viewed from straight on
showed them to be concentrated on the internal features of the face (figure
8.5, middle panels), though there continued to be fixations on the outer
contours as well (see plate 2). An often overlooked aspect of Yarbus study
is that these demonstrations were often based on a single participant
viewing a given image for a very long period of time. There is now con-
siderable evidence that eye movements tend to be directed predominantly
to internal facial features during both face learning and face recognition
(Groner, Walder, and Groner, 1984; Henderson, Williams, and Falk, 2005;
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Figure 8.5
Examples of eye movements during face perception. The first two examples show
the eye movement traces of a single viewer examining a bust of Nefertiti and a
straight-on view of a face, both adapted from Yarbus, 1967. The final example
shows all fixations generated by 20 viewers each during identity (yellow), mood
(red), and gender (blue) recognition tasks. See plate 2 for color version.



Walker-Smith, Gale, and Findlay, 1977; see figure 8.5, bottom panel). For
example, Henderson et al. (2001) reported that close to 60 percent of fix-
ation time was spent on the eyes in a face recognition task, and that about
90 percent of fixation time was spent on the eyes, nose and mouth. These
eye movements appear to play a functional role: Henderson, Williams, and
Falk (2005) demonstrated that face recognition was greatly impaired when
viewers were restrained from making eye movements during face learning
compared to when they were free to move their eyes, holding viewing time
constant.

Innovation

Moving beyond the use of photographic stimuli, investigators have recently
begun to study visual perception in the real environment using portable free-
movement eye trackers (Land and Hayhoe, 2001). This innovative use of eye
tracking involves lightweight, head-mounted optics and portable electronics
that allow viewers to move naturally and freely without being tethered to
any stationary equipment. Although research using these devices is still rel-
atively new, it has become apparent that there are important differences in
eye movements for pictures of the environment and for the environment
itself. For example, there is some evidence that distributions of fixation dura-
tions and saccade amplitudes differ for the two conditions, with average
saccade amplitudes significantly greater for the environment (Land and
Hayhoe, 2001). Free-movement eye tracking allows investigators to study
the nature of the eye movements that are made in the service of everyday
tasks such as driving (Land and Horwood, 1995) and tea and sandwich
making (Hayhoe et al., 2003; Land, Mennie, and Rusted, 1999). Free-
movement eye tracking has also proved to be a very powerful technique for
investigating theoretical issues in language production and comprehension,
and for understanding the interaction between the language and visual 
processing systems (Tanenhaus et al., 1995; see also review chapters in 
Henderson and Ferreira, 2004, and Trueswell and Tanenhaus, 2005). And
although significant progress has been made in these areas, the use of free-
movement eye tracking is in many ways still in its infancy, and can be expected
to progress as new methods for automated data analysis are developed.

Limitations

One of the most important limitations on the use of eye tracking in the past
has concerned expanding the methodology to less constrained and more
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natural situations in which viewers are free to move within and interact
with the natural environment. As noted above, recent eye-tracking tech-
nologies have provided for mobile, free-movement eye tracking. A limita-
tion of these trackers, though, is that they tend to be less accurate than their
stationary counterparts; moreover, data collected from them are much more
difficult to analyze because, as discussed in the “Principles” section, they
require that video data be hand-scored. Given the advances needed in arti-
ficial vision systems before automated data scoring becomes possible, it is
unclear whether this latter problem will be solved in the near future. Con-
tinuing progress in the study of eye movements in perception and cognition
is thus likely to involve converging evidence from both highly accurate sta-
tionary eye trackers and free-movement eye trackers.

Integration

An important burgeoning area of integration in the study of eye movements
in cognitive science and in cognitive neuroscience involves the use of formal
modeling. The two domains in which eye movement modeling has played
the most apparent role in the past few years are reading and complex scene
viewing. In both cases, the aim is to account for the spatial and temporal
characteristics of eye movements and their relationship to perceptual and
cognitive factors. In reading, current computational and mathematical
models are focused on predicting the basic statistics of eye movement
control such as the means and frequency distributions of fixation durations
and saccade amplitudes (e.g., Reichle et al., 1998). In these models, speci-
fication of the relationship between covert attention and eye movements,
and the degree to which lexical processing is serial versus parallel, are issues
of current critical concern. In complex scene viewing, recent computational
models have been inspired by known response properties of neurons in
visual cortex, and the primary focus has been to determine where and in
what order fixations will be placed in a scene (Itti and Koch, 2000), whereas
issues of fixation durations have tended to be ignored (Henderson, 2003).
An important focus for future modeling in both domains will be to capture
a more complete set of eye movement characteristics.

A second area that is ready for significant progress is the integration
of sophisticated eye tracking with methods of functional neuroimaging (see
Bandettini, chapter 9, and Singh, chapter 12, this volume). For example,
even though many scanners used for fMRI research have eye trackers
installed in them, most of these eye trackers have been used to determine
whether the viewers are maintaining fixation, or at best to determine
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whether a saccade has been executed in a specific direction at a specific
time, as in the antisaccade task (Hallett, 1978). Although these uses are
important, they barely scratch the surface of the utility of the method for
determining where and when perceptual, attentional, and cognitive
processes have been deployed over a given complex visual stimulus. The
combined integration of sophisticated eye tracking to measure the locus of
eye fixations over time with methods for examining neural activity related
to specific fixations (or saccades), whether with fMRI or other techniques
such as event-related potentials (ERPs) and magnetoencephalography
(MEG), would seem to offer tremendous opportunity for advancing our
knowledge of mind and brain.

Conclusion

The active control of eye fixation plays an important functional role in all
perceptual and cognitive tasks. Active vision ensures that visual input is
available to the cognitive system as it is needed. The measurement of eye
movements provides an unobtrusive, noninvasive, sensitive, behavioral
window into the operation of the cognitive system as it unfolds in real time.
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Functional Magnetic Resonance Imaging

Peter A. Bandettini

The idea of using magnetic resonance imaging (MRI) to assess human brain
activation noninvasively, rapidly, and with relatively high spatial resolution,
was, before 1990, pure fantasy. The arrival of functional MRI (fMRI) 
was marked by the publication of the groundbreaking paper by Belliveau
et al. (1991) in November of 1991. Although innovative and generat-
ing considerable excitement, the “Belliveau technique,” which involved 
two bolus injections of gadolinium-DTPA to characterize blood volume
changes with activation, was effectively made obsolete as a brain activation
assessment method by the time it was published. It was replaced by a 
completely noninvasive MRI-based technique using endogenous functional
contrast associated with localized changes in blood oxygenation during 
activation.

Between the late spring and early fall of 1991, the first successful
experiments were carried out at the Massachusetts General Hospital (May),
University of Minnesota (June), and Medical College of Wisconsin (Sep-
tember) using endogenous MRI contrast to assess brain activation. These
experiments were published within two weeks of each other in the early
summer of 1992.

The mechanism of endogenous contrast on which the activation
assessments were based was pioneered by Ogawa et al. (1990), who coined
the term blood oxygenation level–dependent (BOLD), and by Turner et al.
(1991), who discovered the contrast while searching for changes in the dif-
fusion coefficient among apnea patients. In a prescient comment in 1990—
two years before the first successful experiments were published and about
a year before the first successful experiments were performed—Ogawa 
et al. (1990) predicted the beginning of a new method to assess brain 
activation.

A still earlier brain study using positron-emission tomography (PET;
Fox and Raichle, 1986) had demonstrated an activation-induced decrease
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in the oxygen extraction fraction, thus predicting an increase in the MRI
signal with activation. And, indeed, as researchers would find, the BOLD
fMRI signal did increase with an increase in brain activation.

Another noninvasive fMRI technique, emerging almost simultane-
ously with BOLD fMRI, is known as “arterial spin labeling” (ASL; Williams
et al., 1992). The contrast in ASL arises from cerebral blood flow and per-
fusion, independent of blood oxygenation. Other techniques, allowing non-
invasive assessment of activation-induced changes in cerebral blood volume
(Lu et al., 2003) and oxidative metabolic rate (Davis et al., 1998; Hoge et
al., 1999) have since been developed.

BOLD fMRI is currently the brain activation–mapping method of
choice for almost all neuroscientists because it is easiest to implement and
the functional contrast to noise is 2 to 4 times higher than the other
methods. Functional contrast to noise (defined as the ratio of signal change
to background fluctuations) ranges from 2 to about 6 at higher field
strengths when BOLD contrast is used. Currently, the need for sensitivity
outweighs the need for specificity, stability over long periods of time, quan-
titation, or baseline state information—all of which are advantages inher-
ent to ASL, and all of which come at the price of sensitivity.

Since these first discoveries, hardware, methodology, signal inter-
pretability, and applications have been advancing synergistically. Advances
in hardware include scanners with increased magnetic field strength,
improved radiofrequency coils, and subject interface devices; those in
methodology include pulse sequences, postprocessing, multimodal integra-
tion, and improved paradigm design. Advances in signal interpretability
include improved understanding of the relationship between underlying
neuronal activity, on the one hand, and simultaneous direct measures of
neuronal activity and precise modulation of its dynamics and magnitudes
obtained through use of BOLD fMRI, on the other; in applications,
advances have been directed both at understanding brain organization and
at complementing clinical diagnoses and characterizing neurological and
psychiatric disorders. Generally, advances in any one of these domains have
furthered advances in the others; the needs of one domain have in many
instances driven the development of the others. (This exciting, highly inter-
disciplinary coevolution is described in the “Development” section.)

Even though fMRI is nearly 15 years old, unknowns remain regard-
ing the physiological and biophysical factors influencing fMRI signal
changes. New insights into the principles of BOLD and other fMRI con-
trast mechanisms as well as image acquisition and postprocessing are pub-
lished at a steady rate. (The latest information regarding the acquisition,
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processing, and interpretation of fMRI signal changes is presented in the
“Principles” section.)

Functional MRI is continually being shaped by innovations in hard-
ware, methodology, interpretation, and applications. Scanner field strength
and image acquisitions hardware grow ever more sophisticated—allowing
greater sensitivity, speed of acquisition, and resolution. Paradigm design
and postprocessing methods continually evolve as applications demand.
New methods for integrating fMRI with other brain activation assessment
techniques have emerged, allowing more precise interpretation of fMRI
signal changes and introducing novel applications. Although most fMRI
applications remain in the research domain, with continuing improvements
in robustness and interpretability, especially in regard to activation maps
and signal change dynamics of specific patient populations, fMRI is poised
to make a clinical impact as well. (All these topics are covered, and high-
lights of fMRI development described, in the “Development” section.)

That the sources of contrast in functional MRI—cerebral blood flow,
volume, and oxygenation changes—are secondary to brain activation places
an inherent limitation on the upper spatial and temporal resolution and on
the interpretability of the technique. Other fMRI limitations include sensi-
tivity to subject motion, signal dropout in specific regions, and temporal
instability within and across scanning sessions. (These limitations are
described, and to overcome them outlined, methods in the “Limitations”
section.)

The scope and success of the best fMRI research and applications are
defined by how well the paradigms, processing, and interpretation of results
are integrated with other brain function assessment techniques. This inte-
gration has yielded far greater insights into human brain function than any
that fMRI could provide on its own. Techniques successfully integrated with
fMRI include behavioral measures, electroencephalography (EEG), magne-
toencephalography (MEG), physiological measurements, optical imaging,
electrophysiological measurements, and transcranial magnetic stimulation
(TMS). (The basics of how these techniques are used in conjunction with
fMRI, and of the insights gained, are presented in the “Integration”
section.)

Development

It is important first to put fMRI development in context. In 1991, brain
activation studies were being performed by a handful of groups using tech-
niques involving ionizing radiation or electroencephalography. Although
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these techniques are still quite useful today, providing complementary infor-
mation, functional MRI, as it came into common use in the early nineties,
represented a huge leap in ease and flexibility of brain-mapping experi-
mentation. After 1992, investigators undertaking brain activation studies
had simply to put their subjects in the scanner, have them perform a task
during time series image collection, and look for MRI changes. This proved
to be both a blessing and a curse for the burgeoning brain-mapping 
community.

On the “curse” side, easy access to this powerful tool has given rise
to many poorly planned, executed, and analyzed experiments filled with
overinterpretation of artifactual signal changes (although fewer today, with
rapid improvements in the collective expertise of the imaging community).
Moreover, the frantic rush to pick the scientific “low-hanging fruit” that
began in earnest with the introduction of functional imaging continues in
many contexts today. Most fMRI researchers, myself included, have been
caught up in the exciting sense of urgency to use this extraordinarily pow-
erful technique, whose potential we have only glimpsed.

On the “blessing” side, however, fMRI has brought unique insights
into how the human brain is organized, how it changes over time (from
seconds to years) and varies across populations, and has steadily advanced
our understanding of human cognition. Most important, it has given rise
to a much larger collective effort toward using brain-mapping technology
for research—and to the start of an effort toward applying fMRI to diag-
nose and treat clinical populations.

Circa 1992, only a handful of laboratories could perform fMRI: it
required not only an MRI scanner but also the capability of performing
high-speed MRI—known as “echo planar imaging” (EPI). With EPI, neu-
roimagers could collect an entire image (or “plane”) with the use of a single
radio frequency (RF) pulse and subsequent signal “echo,” hence the name
“echo planar.” Typical clinical MRI sequences use at least 128RF pulses
for a single image. One pulse typically yields a “line” of data. To collect an
image with one RF pulse requires that the imaging gradients (used to spa-
tially encode the data and thus to create an image) be oscillated very rapidly
since the usable signal only lasts for about 100msec. Because a waiting
period is required between RF pulses, called the “repetition time” (TR—
typically 100msec to 2sec), and also because clinical images typically have
at least 128 lines, such an image takes on the order of several seconds to
several minutes to collect. An important point is that not only do clinical
images take time, but because of signal fluctuations with repeated collec-
tion of the same image, their temporal stability is relatively low, with cardiac
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and respiratory effects producing nonrepeatable image artifacts. Collecting
an entire image in 30msec with EPI, however, “freezes” these physiologi-
cal processes, causing artifacts to be more or less precisely replicated 
from image to image over time (with some exceptions)—thus substantially
increasing temporal stability. It should be noted that, although some early
studies adopted artifact correction strategies that used non-EPI techniques,
using EPI and, more generally, “single-shot” techniques using one RF pulse
per image is the most common and successful strategy. Hardware for per-
forming EPI was not available on clinical systems until about 1996. Before
that time, centers that performed EPI made use of low-inductance gradient
coils built in-house or, if they were fortunate enough collaborated with
small companies whose systems, also built in-house, allowed rapid gradi-
ent switching. Hardware availability remains an issue to this day. The most
innovative technology for performing fMRI is at least several years ahead
of what is available on clinical scanners. Because functional MRI remains
a nonclinical technique, vendors simply choose to apply their research and
development efforts elsewhere. This is certain to change when fMRI’s clin-
ical utility becomes more apparent.

Figure 9.1 shows the results of a science citation index reference search
on fMRI-related papers published since 1992. The number of papers pub-
lished appears to grow exponentially until 2001, before dropping into a
steep, but arching second phase of growth from 2002 on. Papers published
before 1996 were typically performed on systems developed in-house. After
1996, the number of groups performing fMRI expanded rapidly. To add a
dimension of perspective to this plot, table 9.1 shows a list of the fifty most
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Figure 9.1
Bar graph of the approximate number of fMRI papers published, as determined by
a Medline search for the keywords “fMRI” or “functional MRI” after 1993.



198 Peter A. Bandettini

Table 9.1
Fifty most frequently cited papers on functional MRI (as of December 2004)

Citations Total
Rank per Year Citations Authors Type

1 114 1485 Kwong et al., 1992 M
2 112 448 Logothetis et al., 2001 I
3 101 507 Cabeza and Nyberg, 2000 A
4 84 1095 Ogawa et al., 1992 M
5 82 655 Kanwisher et al., 1997 A
6 71 857 Bandettini et al., 1993 M
7 67 336 Bush et al., 2000 A
8 60 419 Carter et al., 1998 A
9 58 231 Egan et al., 2001 A

10 57 458 Cohen et al., 1997 M/A
11 57 509 Cox, 1996 M
12 55 497 Martin et al., 1996 A
13 53 745 Belliveau et al., 1991 M
14 53 691 Bandettini et al., 1992 M
15 52 523 Sereno et al., 1995 M/A
16 50 348 Wagner et al., 1998 A
17 50 348 Whalen et al., 1998 A
18 48 428 Worsley et al., 1996 M
19 47 233 Corbetta et al., 2000 A
20 44 174 O’Doherty et al., 2001 A
21 44 87 Egan et al., 2003 A
22 43 173 Fletcher and Henson, 2001 A
23 43 427 Tootell et al., 1995 M/A
24 42 419 Shaywitz et al., 1995 A
25 42 418 Worsley and Friston, 1995 M
26 41 446 Pellerin and Magistretti, 1994 I
27 40 359 Breiter et al., 1996 A
28 40 319 Binder et al., 1997 A
29 40 317 Braver et al., 1997 M/A
30 39 393 D’Esposito et al., 1995 A
31 39 391 Friston et al., 1995 M
32 39 348 Boynton et al., 1996 I
33 39 348 Malonek and Grinvald, 1996 I/A
34 38 384 Karni et al., 1995 A
35 38 114 Corbetta and Shulman, 2002 A
36 38 455 Ogawa et al., 1993 I
37 38 303 Courtney et al., 1997 M/A
38 37 185 Haxby et al., 2000 A



frequently cited fMRI papers since 1991. It is worth noting that many of
the studies labeled “M/A,” indicating that they specifically employed fMRI
to derive a novel insight into brain organization, were carried out by 
neuroscientists who have worked closely with individuals in methodology
development. This serves to highlight the multidisciplinary nature of fMRI
and the fact that many cutting-edge applications are still closely tied to
advances in methodology. It is also worth noting, however, that, since the
title search keywords were simply “fMRI” or “functional MRI,” many rel-
evant papers were likely missed.

After about 1996, with the rapid proliferation of EPI-capable MRI
scanners incorporating whole-body gradients, functional magnetic reso-
nance imaging arrived at the operating platform that is still “standard”
today—sequence: gradient-echo EPI; echo time (TE): 40msec; matrix size:
64 × 64; field of view: 24cm; slice thickness: 4mm. Typically, whole-brain
volume coverage is achieved using a repetition time (TR) of 2 seconds, with
time series lasting on the order of 5 to 8 minutes and with about 7 time
series collected per subject-scanning session. Multisubject studies usually
settle on assessing about 12 such sessions. And typically, a whole-brain,
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Table 9.1
(continued)

Citations Total
Rank per Year Citations Authors Type

39 37 443 Rao et al., 1993 A
40 37 368 Buckner et al., 1995 A
41 37 365 Forman et al., 1995 M
42 36 181 Hopfinger et al., 2000 A
43 36 253 Kelley et al., 1998 A
44 36 249 Corbetta et al., 1998 A
45 35 317 Courtney et al., 1996 A
46 34 344 Demb et al., 1995 A
47 34 271 Dale and Buckner, 1997 M
48 34 203 Friston et al., 1999 M
49 33 200 Botvinick et al., 1999 A
50 33 231 Courtney et al., 1998 A

Based on science citation search of “fMRI” or “functional MRI.” “A” papers focus
on application of FMRI toward a specific neuroscience or clinical question; “M,”
papers on methods development; and “I” papers, on the relationship between neu-
ronal activity and fMRI signal changes; some papers are combinations of these
types. See reference list for full publication information.



single quadrature RF coil is used; around 2002, the “standard” field
strength was increased from 1.5T to 3T.

Beyond basic collection, standards begin to diverge; paradigm design
and postprocessing are still evolving steadily. Nevertheless, “typical” para-
digm design methods are either “boxcar,” involving steady-state activation
periods of 10 seconds or more, or more commonly, “event-related” designs,
enjoying the flexibility inherent to brief activation periods interspersed
within a given time series. For processing, SPM is the most common soft-
ware, followed closely by software platforms such as Brain Voyager, FSL,
and AFNI. The most common techniques use “reference” functions for sta-
tistical map creation; when multisubject data are involved, statistical maps
are spatially smoothed and transformed to a standardized space for com-
parison or averaging. Recent technological advances have made possible the
unprecedented visualization and navigation of fMRI data (see figure 9.2,
plate 3).
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Figure 9.2
Example of how the same fMRI data in their various forms can be simultaneously
and interactively visualized. Data are from a retinotopy experiment (expanding
ring); processing and visualization were performed using AFNI and SUMA (Cox,
1996) and surface models created with FreeSurfer (Dale, Fischl, and Sereno, 1999).
Central panel shows AFNI’s main controller window used to select and control data
to be visualized. (A) Echo planar imaging (EPI) time series from voxels in the occip-
ital cortex during cyclic visual stimulation. Of the 9 voxels shown here, some show
clear modulation at the main frequency of the stimulus; others do not. (B) Statisti-
cal maps in color overlaid atop high-resolution anatomical data. The colored voxels
represent response delay of significantly activated voxels and the cross hair repre-
sents the location of the central voxel in (A). Contours of pial and white matter /
gray matter boundary surface models are shown in blue and red lines. (C) Three-
dimensional volume rendering of the data shown in panel B with cutouts revealing
the calcarine sulcus. (D) Functional imaging data projected on models of the same
cortical surface with varying degrees of deformation. From left to right we have the
white matter / gray matter boundary surface, an inflated version that reveals buried
portions of sulci, a spherical version that can be warped into a standard coordinate
space for surface-based group analysis (Fischl et al., 1999; Van Essen and Drury,
1997; Saad et al., 2004) and a flattened version of the occipital cortex with the data
represented in color and relief form. Note that all panels were created simultane-
ously and interactively. For example, a change of statistical threshold in the main
AFNI controller, will affect all displays in panels (B) through (D). A selection of a
new location on the flat map in (D) will cause all other viewers to jump to the cor-
responding new location. (Figure and caption provided courtesy of Ziad Saad,
Ph.D., Statistical and Scientific Computing Core Facility, National Institute of
Mental Health) See plate 3 for color version.
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Overall, the evolution of fMRI has been punctuated by novel tech-
niques, findings, and controversies. For a sense of perspective, here are just
eleven of the more prominent developments in fMRI before 2003:

• Parametric manipulation of brain activation demonstrates that BOLD
contrast roughly follows the level of brain activation in the visual system
(Kwong et al., 1992), the auditory system (Binder et al., 1994), and the
motor system (Rao et al., 1996).
• Event-related fMRI is first demonstrated (Blamire et al., 1992), then
applied to cognitive activation (Buckner et al., 1996; McCarthy et al.,
1997). Mixed event-related and block designs are developed (Visscher et
al., 2003); paradigms are demonstrated in which the activation timing of
multiple brain systems timing was orthogonal, allowing multiple conditions
to be cleanly extracted from a single run (Courtney et al., 1997).
• High-resolution maps are created for spatial resolution in ocular dom-
inance columns (Menon et al., 1997; Cheng, Waggoner, and Tanaka, 2001);
activation maps are created for cortical layers (Logothetis et al., 2002).
Extraction of information at high spatial frequencies within regions of acti-
vation is demonstrated (Haxby et al., 2001); timings from one to hundreds
of milliseconds are extracted for temporal resolution (Ogawa et al., 2000;
Menon, Luknowsky, and Gati, 1998; Henson et al., 2002; Bellgowan, Saad,
and Bandettini, 2003).
• “Deconvolution” methods are developed for rapid presentation of
stimuli (Dale and Buckner, 1997).
• Early BOLD contrast models (Ogawa et al., 1993; Buxton and Frank,
1997), are followed by more sophisticated models that more fully integrate
the latest data on hemodynamic and metabolic changes (Buxton et al.,
2004).
• Continuous variation of visual stimuli parameters as a function of
time is proven to be a powerful method for fMRI-based retinotopy (Engel
et al., 1994; DeYoe et al., 1994; Sereno et al., 1995).
• “Clustered-volume” acquisition is developed to avoid scanner noise
artifacts (Edmister et al., 1999).
• Functionally related resting states are correlated (Biswal et al., 1995)
and regions consistently showing deactivation described (Binder et al.,
1999; Raichle et al., 2001).
• The “pre-undershoot” in fMRI is observed (Hennig et al., 1997;
Menon, Ogawa, and Ugurbil, 1995; Hu, Le, and Ugurbil, 1997) and cor-
related with optical imaging (Malonek and Grinvald, 1996).
• Simultaneous use of fMRI and direct electrophysiological recording
in nonhuman primate brain during visual stimulation elucidates the rela-
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tionship between fMRI and BOLD fMRI contrast (Logothetis et al., 2001).
Simultaneous electrophysiological recordings in animal models reveal a cor-
relation between negative signal changes and decreased neuronal activity
(Shmuel et al., 2002). Simultaneous electrophysiological recordings in
animal models provide evidence that inhibitory input can cause an increase
in cerebral blood flow (Mathiesen et al., 1998).
• Structural equation modeling is developed for fMRI time series analy-
sis (Buchel and Friston, 1998).

This list is only a sampling of the tremendous number of novel develop-
ments that have established fMRI as a powerful tool for investigating and
quantitating human brain activity.

Principles

With functional magnetic resonance imaging, neuroimagers are able to map
the following types of physiological information: baseline cerebral blood
volume (Rosen et al., 1991), changes in cerebral blood volume (Belliveau
et al., 1991; Lu et al., 2003), quantitative measures of baseline and changes
in cerebral perfusion (Wong et al., 1999), changes in cerebral blood oxy-
genation (Bandettini et al., 1992; Blamire et al., 1992; Frahm et al., 1992;
Kwong et al., 1992, Ogawa et al., 1992), the resting-state cerebral oxygen
extraction fraction (An et al., 2001), and changes in the cerebral metabolic
rate for oxygen (CMRO2) (Davis et al., 1998; Hoge et al., 1999).

BOLD Contrast

Let us consider first the basic mechanism for BOLD fMRI signal changes
with brain activation. In brain tissue during resting state, blood oxygena-
tion in capillaries and veins is lower than that of arteries due to the extrac-
tion of oxygen from the blood. Deoxyhemoglobin (deoxy-Hb) has a
different susceptibility from surrounding brain tissue and water, whereas
oxyhemoglobin (oxy-Hb) has the same susceptibility. An object, a deoxy-
Hb molecule, say, or a capillary or vein containing deoxy-Hb molecules,
that has a different susceptibility from its surrounding tissue creates a mag-
netic field distortion when placed in a magnetic field. Water molecules (the
primary signal source in MRI), also called “spins,” precess at a frequency
that is directly proportional to the magnetic field they are experiencing.
Within a voxel, if spins are precessing at different frequencies, they rapidly
become out of phase. The strength of the MRI signal is directly propor-
tional to the coherence of spins: when they are completely out of phase,
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destructive addition takes place and there is no signal; when they are com-
pletely in phase, there is maximal signal. During resting state, enough spins
are out of phase, due to the many microscopic field distortions in each
voxel, to cause the MRI signal to be attenuated somewhat relative to when
there is no deoxy-Hb present.

By contrast, and for reasons not fully understood, during activation,
cerebral blood flow increases locally such that there is an overabundance
of oxygenated blood delivered to the active regions. This causes the amount
of deoxy-Hb, and thus also the magnitude of the magnetic field distortions,
to decrease, which increases the coherence of spins within each voxel and
leads to an MRI signal increase of a few percent.

The signal begins to increase approximately 2 seconds after neuronal
activity begins, and plateaus in the “on” state after about 7 to 10 seconds.
Although a “pre-undershoot” is sometimes observed, a “post-undershoot”
is more commonly observed. These effects are likely due to transient mis-
matches between either cerebral blood volume or the cerebral metabolic
rate for oxygen (CMRO2) before and after respective increases and
decreases in blood flow occur. The dynamics, location, and magnitude of
the MRI signal are highly influenced by the vasculature in each voxel. If
voxels happen to capture large vessel effects, the magnitude of the signal
may be large (up to an order of magnitude greater than that for capillary
effects), the timing somewhat more delayed than average (up to 4 seconds
more delayed than for capillary effects), and the location of the signal some-
what distal (up to a centimeter) from the true region of activation. Although
improvements in methodology have minimized the effects of this variabil-
ity, the problem of variable vasculature and hemodynamic coupling never-
theless remains at all field strengths in fMRI, limiting the depth and range
of questions that can be addressed using this technique.

Perfusion Contrast

Introduced at almost the same time as BOLD functional MRI was the non-
invasive method for mapping perfusion in the human brain known as “arte-
rial spin labeling” (ASL). The technique generally involves applying a radio
frequency pulse (or continuous RF excitation) below the imaging plane (in
the neck area). Without blood flow, the magnetization applied to brain
tissue would simply decay and not influence the MRI signal where the
images were being collected. With blood flow, however, the altered magne-
tization of the “labeled” blood affects the longitudinal magnetization (T1)
in the imaging slices as it flows, and as water spins mix and exchange mag-

204 Peter A. Bandettini



netization, in the imaged brain tissue. A second set of images is obtained
either with the label applied above the brain or not applied at all. There-
fore these second images are not affected in the same manner by magneti-
zation of inflowing spins. The last step is to perform pairwise subtraction
on the two sets of images, removing all the anatomical signal from each
image pair, leaving behind only the effect on the signal by the label. Because
of the low signal to noise inherent to this type of contrast, an average of
typically several hundred “label-minus-no-label” pairs are obtained to
create a map of baseline perfusion.

A strong determinant of perfusion contrast with the ASL technique is
the time between the labeling pulse and the subsequent image collection,
designated as “TI.” If the TI is 200msec, only the effects of the most rapidly
flowing blood can be observed (typically, in arteries). As the TI approaches
1 second, slower perfusing spins in and around capillaries appear. Above 1
second, the magnetization of the label decays significantly. A time series of
these “label-minus-no-label” pairs can be collected for the purpose of func-
tional imaging of brain activation. Arterial spin labeling has not achieved
the success of BOLD functional MRI mostly because of limitations in the
number of slices obtainable, temporal resolution, and decreased functional
contrast to noise of the technique relative to BOLD fMRI. Nevertheless, the
superior functional specificity and stability of arterial spin labeling over long
periods of time, along with its quantitative information, have made it useful
for many applications where BOLD fMRI falls short.

Sensitivity

A primary struggle in fMRI is to increase sensitivity. This is achieved by
increasing the magnitude of the signal change or by decreasing the effects
of noise. This struggle has also been the impetus for imaging at ever higher
field strengths. With an increase in field strength, signal to noise increases
proportionally and both BOLD and perfusion contrast increase—BOLD
contrast increasing with greater changes in transverse relaxation relative to
activation, and perfusion contrast increasing with increases in the T1 
of blood, which allows the magnetization of the labeled blood to remain
longer. Aside from system instabilities, however, higher field strengths result
in generally poorer images at the base of the brain due to greater effects of
poor shimming and to greater physiological fluctuations. Methods for
removing these fluctuations remain imperfect. That said, a primary advan-
tage of imaging at higher field strengths (e.g., 7 T) is that the lower limit
of signal to noise is achieved with a much smaller voxel volume, thus 
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allowing much higher imaging resolution (down to 1mm3) at functional
contrast levels comparable to those of imaging at 3 T with voxel volumes
of 3mm3. This increase in resolution without prohibitive losses in sensitiv-
ity may explain why imaging of ocular dominance column activation has
been successful at 4 T but not at lower field strengths. Currently, success-
ful results in imaging humans have been obtained at 7 T (Vaughan et al.,
2001; Pfeuffer et al., 2002b; Yacoub et al., 2001); such results are certain
to multiply rapidly.

Other processing steps for increasing sensitivity include temporal and
spatial smoothing. Because of the inherent temporal autocorrelation in 
the signal from hemodynamics or other physiological processes, temporal
smoothing is performed so that the temporal degrees of freedom may be
accurately assessed. Spatial smoothing can be performed if high spatial fre-
quency information is not desired and as a necessary prespatial normal-
ization step (matching effective resolution with the degree of variability
associated with spatial normalization techniques) for multisubject averag-
ing and comparison. An often overlooked fact is that higher temporal 
sensitivity with less image warping due to a shorter readout window is
achieved, not by spatially smoothing the maps after data collection, but by
collecting the images at the desired spatial resolution in the first place.
Indeed, in many instances, spatial smoothing is clearly not desired—par-
ticularly when high spatial frequency information in individual maps is
compared (Haxby et al., 2001).

Once images are collected, and after motion correction is performed,
a time series analysis is carried out voxel by voxel. Typically, a model func-
tion or functions are used as regressors, and the significance of the corre-
lation of the time series data with the regressors calculated, again voxel by
voxel. If the expected activation timing is not known, a more open-ended
approach to analysis is taken, such as independent component analysis
(Beckmann and Smith, 2004).

Innovation

The quantity and impact of innovations, and the proportion of truly high
quality work, in functional magnetic resonance imaging have continued to
grow as the field has matured, making it nearly impossible to stay abreast
of the latest and the most interesting advances. Whereas the “Development”
section touched on major, “established” innovations of the past 14 years,
to give a sense of the vibrancy of the fMRI field, and of its potential for
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expanding in ever new, exciting directions, this section will highlight emerg-
ing innovations that may or may not pan out and make a major impact.

Imaging Technology

Recent innovations in acquisition hardware and imaging strategy may take
functional magnetic resonance imaging to new levels of sensitivity, resolu-
tion, and speed. Typical acquisition hardware uses a single-quadrature,
whole-brain RF coil feeding into one acquisition channel, and collects
single-shot echo planar imaging data at 64 × 64 resolution. Recently, the
ability to acquire MRI data with simultaneous multiple high-bandwidth
channels (Bodurka et al., 2004), feeding in from multiple RF coils, has
resulted, above all, in a dramatic increase in the image signal-to-noise ratio.
Figure 9.3 illustrates the gains in sensitivity with multiple RF coils. Sensi-
tivity is approximately proportional to the size of the RF coil used. In the
past, some neuroimaging researchers chose to sacrifice brain coverage 
for sensitivity by using a single, large, “surface” RF coil for acquisition.
Today, the use of multiple, small RF coils allows full brain coverage, at sig-
nificantly higher sensitivity than one large RF coil. Recently, the Massa-
chusetts Hospital Group constructed a brain-imaging device with 32 RF
coils, leading to as much as a sixfold increase in signal to noise for an indi-
vidual image, although, after taking into consideration unfilterable physio-
logical noise, the gains are likely to be only about threefold. What the
optimal number of coils might be with regard to increases in sensitivity
remains uncertain.

Multichannel acquisition can also be conjoined with a novel image
acquisition/reconstruction strategy that uses the spatially distinct sensitive
region of each RF coil to help spatially encode the data—with only a small
cost in signal to noise. This strategy is known as “SENSE [SENSitivity Encod-
ing] imaging” (de Zwart et al., 2002). When coil placement is used to aid in
spatial encoding, less time is needed to create an image of a given resolution.
This advantage can be used in either of two ways: (1) the readout window
width can be held the same, but the image resolution increased substantially;
or (2) the image resolution can be held the same, but the width of the readout
window decreased substantially. This reduction in readout window width
allows a small increase in the number of EPI slices to be collected in a given
repetition time (TR), therefore allowing a reduction in TR for a given number
of slices, more slices for a given TR (allowing thinner slices perhaps), or an
increase in brain coverage for a given TR (if a shorter TR had previously
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Figure 9.3
Comparison of image signal intensity of MR images created with single- and 
multichannel systems. (A) sixteen-channel coil system (NOVA Medical RF coil com-
bined with NIH in-house parallel acquisition system. (B) Single-channel GE Medical
Systems quadrature RF coil. (C) Display of distinct region of sensitivity for each of
the 16 small RF coils within the NOVA Medical RF coil. (D) Image on the left was
created by addition after reconstruction of the 16 individual images in panel C;
image on the right was created from the GE Medical Systems quadrature RF coil.
The two images being compared have been normalized such that the noise levels
match. The signal intensity therefore gives a relative measure of signal to noise.
(Figure provided courtesy of Jerzy Bodurka, Ph.D., Functional MRI Core Facility.
The NOVA Medical 16 channel coil was designed by Jeff Duyn, Ph.D., Section on
Advanced MRI, NINDS)



limited brain coverage). Incorporating this imaging strategy at field strengths
above 3 T may allow robust single-shot echo planar imaging with a 1mm3

matrix size and a high-enough signal to noise for fMRI.

Free Behavior and Natural Stimuli Paradigms

A second innovation direction for fMRI lies in the domain of paradigm
design. An ongoing challenge in fMRI is to have subjects perform tasks in
a predictable and repeatable manner. This is not only impossible in many
instances but limits the type of questions that can be addressed using fMRI.
One common solution to this problem (described in the “Integration”
section) is to keep track of the responses of subjects to specific tasks, then
perform post hoc data averaging based on the responses. A potentially pow-
erful extension of this idea is to collect a continuous measure of the sub-
jects’ free behavior. In this manner, a natural parametric variation in the
response parameters can be used to guide data analysis. Any continuous
measure will suffice. Subjects need simply to move a joystick or to track
ball or to have their eye position or skin conductance monitored. They can
be following an object, for example, or determining certainty, expectation,
anxiety, or subjective perception of motion. The data collected can then be
analyzed by calculating the moment-to-moment measurement and using it
as a regressor in the analysis.

Related to paradigms that measure subjects’ free behavior are those
which measure their response to natural stimuli, as when viewing a movie,
for example. Regressors can be calculated from various salient aspects of
the movie presentation such as color, motion, volume, speech, or even the
interaction of continuously measured eye position with these variables. A
recently published study on movie viewing (Hasson et al., 2004) employed
a highly novel processing technique, tailored to a specific paradigm. 
This technique was based on the understanding that, because the movie 
had many, unpredictable variables, it would be difficult to generate a set of
reference functions for determining the similarly activated regions across
subjects. What was done instead was to play precisely the same movie
sequence at least twice for each subject and across all subjects. The assump-
tion was that a distinct, repeatable temporal pattern would be manifest.
Rather than attempting to choose an appropriate ideal reference function
and comparing subsequent activation maps, Hasson and colleagues deter-
mined the correlation in the time series fMRI across subjects. Because this
technique makes no assumption about what the data should look like—
only that they show a repeatable change—it can be effectively applied for
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the same subject across identical time series collections (see Levin and
Uftring, 2001).

Real-Time fMRI Incorporating Feedback to the Subject

A technical challenge in fMRI is to perform basic analysis on data as they
are being collected (Cox, Jesmanowicz, and Hyde, 1995). This approach is
important for several reasons. A primary reason is to ensure data quality
during the scan, an essential requirement if fMRI is to be incorporated into
daily clinical practice. A secondary reason, and one just beginning to be
explored, is to allow the person scanning or the subject being scanned to
guide experimental process in real time. In this regard, some truly unique
twists have recently been reported. Weiskopf et al. (2003) have determined
that, when a measure of brain activation in specific regions activated by a
cognitive (but not sensorimotor) task is fed back to subjects being imaged,
they can learn, subjectively, to either increase or decrease the level of acti-
vation. This finding offers the fascinating possibility of humans interacting
directly with and through computers through simple thought process 
regulation. Weiskopf’s research group has trained subjects to play “pong”
using mental control of a “paddle” in which the vertical location was simply
proportional to the degree of activation in the controllable brain regions
being activated. With two scanners collecting data simultaneously, subjects
are able to successfully play “brain pong” using subjective control of their
fMRI signal changes.

In a second study of this type of subjective control, DeCharms 
et al. (2004) instructed patients experiencing chronic pain to reduce 
the fMRI signal intensity in regions that had been associated with pain 
perception in a previous experiment. As in the “brain pong” experiment,
the subjects were provided with feedback regarding the level of fMRI 
signal in these regions and were instructed to use whatever strategy 
they could come up with to decrease the signal. Not only did the experi-
ment result in a subjective decrease in pain perception for most subjects,
but this effect also appeared to last months after the experiment was carried
out.

Direct Neuronal Current Imaging

A hope among brain imagers is for a technique that would allow direct
mapping of brain activity with spatial resolution on the order of a cortical
column and temporal resolution on the order of an action potential, or at
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least of a postsynaptic potential. Recent work has established that, in ideal
conditions, the minimal magnetic field change detectable with MRI is on
the order of 1 ten billionth of a tesla (0.1nT; Bodurka and Bandettini,
2002). Approximate calculations based on magnetoencephalography
(MEG) measurements of 100 quadrillionths of a tesla (100fT) at the surface
of the skull estimate the magnetic field surrounding a dipole is also on the
order of 0.1nT. An increase in neuronal activity should be manifest as a
highly localized, extremely transient magnitude decrease or phase shift in
the MRI signal (Bandettini, Petridou, and Bodurka, forthcoming). Experi-
mental groups attempting to detect this effect in humans have obtained
mixed results, although some have claimed success (Konn et al., 2004;
Xiang et al., 2003). Even if detecting the effect proves feasible, however,
the utility of doing so will likely be limited, at least initially, by the extremely
small size of the effect and the relatively small range of experiments 
possible using it due to the necessity for specific time-locked averaging. 
Nevertheless, because research efforts toward this goal have only begun, 
it is difficult to predict the ultimate success of this novel contrast approach.

Limitations

How accurately functional magnetic resonance imaging can assess brain
activation is fundamentally limited by two major factors: (1) the method
by which images are collected; and (2) the relationship between neuronal
activity and hemodynamic changes.

Temporal Resolution

Echo planar images typically have an acquisition time of 30msec. Assum-
ing an echo time of 40msec (the center of the readout window), data acqui-
sition typically ends after 55msec. About 15msec is usually required to
apply fat saturation at the beginning of the sequence and to apply gradi-
ents at the end to eliminate residual magnetization. Allowing for about 15
images to be collected in a second, the total time per plane for single-shot
EPI time series collection is about 65msec. For volume collection, which
typically consists of 30 slices, a repetition time of 2 seconds is therefore
required. It is also possible to collect one image (as opposed to multiple
images) in a volume at a rate of 15 images per second over time.

As described, the hemodynamic response behaves like a low-pass filter
for neuronal activity. At on/off frequencies of 6sec on /6sec off (0.08Hz),
BOLD responses begin to be attenuated relative to longer on/off times. At
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on/off frequencies of 2sec on /2sec off (0.25Hz), the BOLD response is
almost completely attenuated. Even though BOLD attenuates these rapid
on/off responses, activity of extremely brief duration can be observed.
Activity durations as brief as 16msec have been shown to cause robust
BOLD signal changes, indicating that there is no apparent limit to the brief-
ness of detectible activation. It is also heartening that, when repeated exper-
iments are performed, the hemodynamic response in each voxel only shows
a variability on the order of 100msec.

Functional brain imagers wish not only to spatially resolve activated
regions but also to determine the precise timing of activation in these
regions relative both to the stimulus or input and to each other. The tem-
poral resolution required for this type of assessment is on the order of at
least tens of milliseconds. But, with BOLD contrast, the latency of the
hemodynamic response has a range of 4 seconds due primarily to unchar-
acterized spatial variations in the underlying hemodynamics or neurovas-
cular coupling from voxel to voxel, even within the same region of activity.
If a voxel captures mostly larger venous vessels, the response is typically
more delayed than if the voxel captures mostly capillaries, although the
precise reasons for latency variations are as yet undetermined.

Of the methods proposed to solve the latency problem, the most direct
(whose accuracy also remains undetermined, however) is to try to identify
larger vessels by thresholding based on percent signal change or temporal
fluctuation characteristics. Another solution is to use pulse sequences sen-
sitive only to capillary effects. Arterial spin labeling techniques are more
sensitive to capillaries, but the practical limitations of lower functional con-
trast to noise and longer interimage waiting time (due to the additionally
required TI of about 1.5sec) make this unworkable for most studies. Spin-
echo sequences performed at very high field strengths or with velocity-
nulling gradients (both of which eliminate intravascular large vessel effects)
are also sensitive to capillary effects. On the other hand, since the reduc-
tion in functional contrast to noise is about a factor of 2 with spin-echo,
and an additional factor of 3 with velocity-nulling gradients to remove
intravascular signal, the contrast is likely too low to be useful.

An alternate strategy is to focus on localized changes in latency and
width associated with task timing changes. As mentioned, within a voxel,
the hemodynamic response varies on the order of 100msec allowing sig-
nificantly more accurate assessment when activation timing varies within a
region. When neuroimagers use a task modulation that causes a difference
in reaction time, and one region of the brain shows an increased width and
another shows an increased delay, then it follows that the region showing
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the width change is spending additional time to process information and
the region showing the increased delay is downstream from the region
showing the width change, having to wait until processing is complete in
that node in order to receive any information. Although oversimplified, this
scenario shows how temporal information may be extracted in fMRI. The
key is task timing modulation and observation of hemodynamic changes,
voxel by voxel.

Figure 9.4 (adapted from Bellgowan, Saad, and Bandettini, 2003)
illustrates the point made above. Subjects performed a word recognition
task in which the stimuli included both words and nonwords presented at
varying rotation angles. Bellgowan, Saad, and Bandettini observed that sub-
jects took longer to recognize nonwords than words, and longer to identify
a word when it was rotated. The hypothesis is that the region performing
word rotation and the region performing word recognition are likely to 
be spatially distinct. Figure 9.4 shows average time courses from the left
anterior prefrontal cortex—typically associated with word generation. It
appears that the hemodynamic response during word processing is about
500msec wider than that during nonword processing, which suggests that
activity in this region is of longer duration during the nonword recognition
process.

Spatial Resolution

The upper in-plane resolution of standard single-shot echo planar imaging
is about 2mm2. The use of multishot EPI (at a cost in time and stability)
or of strategies incorporating multiple radiofrequency coils to aid in spatial
encoding of data can achieve functional image resolutions of about 1mm3.

As with temporal resolution limits, spatial resolution limits are chiefly
determined by the spatial spread of oxygenation and perfusion changes that
accompany focal brain activation, not by limits in acquisition. Although the
“hemodynamic point-spread function” has been empirically determined to
be on the order of 3mm3 (Engel, Glover, and Wandell, 1997), the effects of
draining veins have been observed to be as distal as 1cm from focal regions
of activation identified using perfusion contrast.

The pulse-sequence solutions for dealing with the variations in hemo-
dynamics have proved as effective as those for dealing with temporal reso-
lution limits. Moreover, working with hypercapnia comparisons, Bandettini
and Wong (1997) and Cohen et al. (2004) have proposed spatial calibra-
tion methods. Using BOLD fMRI methods based on cerebral perfusion 
and blood volume, other brain imagers have delineated ocular dominance

213 Functional Magnetic Resonance Imaging



214 Peter A. Bandettini

Figure 9.4
Averaged time courses from the left anterior prefrontal cortex during a word recog-
nition task in which the words were presented at varying rotation angles. When
word and nonword processing are compared, the width of the hemodynamic
response is wider by about 500msec, suggesting that there is longer duration of
activity in this region during the nonword recognition process. When angles of rota-
tion are compared, the onset of activation in this region appears delayed as a func-
tion of angle of rotation, suggesting that this region is downstream from the region
associated with word rotation. (Adapted from Bellgowan, Saad, and Bandettini,
2003)



columns (1mm3; Cheng, Waggoner, and Tanaka, 2001; Goodyear and
Menon, 2001) and cortical layers (< 0.5mm3; Logothetis et al., 2002),
although, with BOLD contrast (thought to have the lowest resolution),
columnar and layer specificity was achieved only by subtracting activation
from tasks activating interspersed yet distinct regions (i.e., columns or
layers). An ongoing issue with regard to the upper resolution of fMRI is
whether or not fine delineation necessarily translates to accurate delin-
eation—meaning that detailed activation maps may not precisely register
underlying function.

Interpretation

Considerable effort has been directed toward understanding the precise
relationship between fMRI signal changes and neuronal activity. Strategies
for overcoming limits to interpretation of the data gathered have included

• animal models and the simultaneous use of other measures of neu-
ronal activity such as multiunit electrodes or more precise measures of
hemodynamic changes, such as optical imaging;
• parametric modulation of magnitude or timing of activation in
humans with corresponding measurement of fMRI signal changes;
• simultaneous measures of neuronal activity (implanted electrode or
EEG) and fMRI signal changes;
• nonsimultaneous MEG or EEG measures of neuronal activity and
fMRI signal changes; and
• modeling the hemodynamic response and comparing model outputs
to precise activation magnitude, timing, or pharmacological manipulations
of brain tissue.

In summary, even though fMRI is limited to a lesser degree by scanner
technology and to a greater degree by the unknowns regarding the spatial,
temporal, and magnitude relationships between neuronal activity and
hemodynamic signal changes, steady progress is being made in overcoming
these limitations. A primary avenue by which the limitations of functional
magnetic resonance imaging can be overcome is integration with other brain
activation assessment techniques.

Integration

Functional MRI data collection and even the experimental process itself can
be greatly enhanced in precision, depth, impact, and certainty if researchers
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effectively incorporate other brain activation assessment techniques ranging
from behavioral to other imaging approaches (Dale and Halgren, 2001). 

Techniques that can be simultaneously carried out during time series
collection of fMRI data include

• behavioral measures such as performance, reaction time, skin con-
ductance, and eye position;
• electroencephalography (EEG);
• embedded electrodes or multielectrode arrays;
• near-infrared spectroscopy (NIRS) or optical imaging;
• transcranial magnetic stimulation (TMS); and
• physiological measures such as respiration, heart rate, end tidal
carbon dioxide, and skin conductance.

Although simultaneity is desirable, complementary experimental
measures can be effectively integrated without it. It is only necessary that
they be precisely repeatable. Techniques in which the data are collected
before or after fMRI experimentation include not only those listed above
but also

• positron-emission tomography (PET) and
• magnetoencephalography (MEG).

Although this section describes the methodology and utility of only
several of many ways that fMRI experimentation, analysis, and results 
can be integrated with other modalities, readers are encouraged to consult 
the relevant chapters in this volume for a more detailed discussion of the
specific techniques.

Behavioral Measures

Depending on the hypothesis posed, substantial inferences about brain
activity can be made from simple measures of response accuracy and
response time, although, since the beginnings of functional MRI experi-
mentation, behavioral response data have also been collected to ensure that
the subjects are actually engaged in the experimental tasks assigned them.
Subject interface devices such as button boxes or joysticks have been and
typically still are used. With the onset of rapid event-related fMRI, however,
the ability to selectively average data based on behavioral responses from
moment to moment has further increased the range of experiments possi-
ble with fMRI.
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Two studies, both of processes associated with memory but using dif-
ferent methodologies, serve to illustrate effective integration of behavioral
measures with fMRI. In Wagner et al., 1998, subjects were presented with
lists of words during the time series collection of fMRI data, which were
selectively binned, based on whether the subjects recalled the words after
the scanning process. Results revealed that the ability to later remember a
verbal experience was predicted by the magnitude of activation in left pre-
frontal and temporal cortices during that experience.

In Pessoa et al., 2002, fMRI was used to investigate how moment-to-
moment neural activity contributed to success or failure on individual trials
of a visual working memory task. Different nodes of the network involved
with working memory were found to be activated to a greater extent for
correct than for incorrect trials during stimulus encoding, memory mainte-
nance during delays, and at test. A logistic regression analysis revealed that
the fMRI signal amplitude during the delay interval in a network of fron-
toparietal regions predicted successful performance trial by trial. Differen-
tial activity during the delay periods when working memory was active
occurred even on trials when BOLD activity during encoding was strong,
demonstrating that such differential activity was not a simple consequence
of effective versus ineffective encoding. Study results further demonstrated
that accurate memory depends on strong, sustained signals that span the
delay interval of working memory tasks. These results could not have been
achieved without precise measures of behavior either after the scanning
process (testing for long-term memory) or during the scanning process
(testing for working memory).

In general, some of the most insightful fMRI results have resulted from
tight integration of moment-to-moment behavioral measures with time
series collection, which allows researchers to selectively bin relevant fMRI
data. Other behavioral measures have included reaction time, eye position,
measures of decision processes, and continuous measures of performance
or mental state such as those obtained by the use of a joystick or trackball.

Electroencephalography and Magnetoencephalography

The signals produced by EEG and MEG are more direct measures of neu-
ronal activity than those produced with functional MRI, reflecting the elec-
tric potential (EEG) and the magnetic field (MEG) resulting from synaptic
currents in neuronal dendrites. On the other hand, because of the inher-
ently ill posed “inverse problem” regarding localization of the dipole
sources contributing to the electrical potentials and magnetic fields on the
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surface of the skull, the resolution or, rather, the certainty of localization
for both EEG and MEG is generally quite low. Integration of these two
techniques and fMRI, however, allows neuroimagers to map brain activity
at the higher spatial resolution of fMRI (effectively constraining the
“inverse problem”), but also at the higher temporal resolution afforded by
MEG and EEG. This will be discussed in greater detail when describing
integration with MEG below (see also Singh, chapter 12, this volume). Also,
simultaneous use of EEG with fMRI can enhance the ability of neuroim-
agers to map spontaneous and transient processes only detectible by EEG
but mappable using hemodynamic responses that occur 3 to 10 seconds
after a signature EEG response.

The complementary use of EEG and fMRI is a burgeoning field in
itself: since 1997, over 200 papers have been published on this topic alone.
A primary use of simultaneous EEG and fMRI data collection is for the
accurate measurement of hemodynamic changes associated with sponta-
neously occurring and transient events measurable with EEG (see Lemieux,
2003). Another use of these simultaneous measures has been to compare
the time-locked, averaged, evoked response characteristics with the hemo-
dynamic response characteristics in order to better understand the neuronal
correlates of fMRI. These experiments do not require simultaneous EEG
and fMRI but the results derived with simultaneous acquisition are likely
to be more accurate since no experiment is replicated perfectly inside and
outside of the scanner.

A promising clinical application of simultaneous EEG and fMRI is the
more accurate localization of epileptic foci. In specific clinical populations,
these foci exhibit spontaneous, irregular EEG activity. The use of simulta-
neous EEG and fMRI allows neuroimagers to selectively average functional
images based on when this signature activity occurs.

In another unique application, simultaneous EEG and fMRI can be
used to determine the neuronal correlates of spontaneously changing brain
activity associated with specific EEG frequencies. After simultaneously
measuring EEG and fMRI, neuroimagers create the power spectrum of the
EEG traces for each repetition time (TR) period. They then convolve the
amplitude of the power spectrum at a specific frequency range (for example,
alpha frequencies: 8–12Hz, and beta frequencies: 17–23Hz) at each TR
with a hemodynamic response function, used as a regressor in fMRI time
series analysis. Taking this approach, Goldman et al. (2001) and Laufs et
al. (2003a, 2003b) have been able to accurately map regions that exhibit
changes in the hemodynamic response that correlate with spontaneous
changes in oscillatory activity.
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Simultaneous use of EEG and fMRI data is challenging because the
concomitant collection of echo planar imaging data creates a substantial
artifact in the EEG trace whenever magnetic field gradients are applied.
Several strategies have succeeded in filtering out this artifact however:
simply discarding EEG points that occur during image collection; using
hardware-based filters or more sophisticated postprocessing techniques; and
using what is known as “spike-triggered fMRI scanning”, in which unique
EEG activity (i.e., spiking) triggers the scanner to collect images.

Efforts to integrate MEG and fMRI (see Dale and Halgren, 2001) have
begun to increase as MEG systems become more available, and as the inter-
pretive limits of using fMRI alone become more apparent. Because MEG
and fMRI data cannot be collected simultaneously, however, the effective-
ness of the integration depends on precise experimental replicability.

Another highly challenging but potentially promising procedure inte-
grating MEG or EEG and fMRI uses fMRI activation maps to help deter-
mine dipole locations. The potential information gained by this procedure
is significant: when dipole sources for a given cognitive process are precisely
determined, the inverse problem can be replaced by a much more readily
solvable forward problem. Starting with the dipole locations, the relative
dynamics of measured fields at the surface of the skull can then be used to
infer the dipole source timings with millisecond accuracy (Ahlfors et al.,
1999).

While the promise of precisely determining dipole sources with fMRI
data is exciting, many problems remain. First, if there exist mismatches
between fMRI activation foci and the true dipole sources, substantial mis-
estimates in timing will result. In this sense, the timing estimation is quite
“brittle” in that any errors in dipole estimation render the results almost
uninterpretable. Growing evidence exists that there are, in fact, substantial
differences between fMRI activation maps and MEG visible dipole sources.
With MEG, opposing dipoles may cancel each other, rendering their effects
invisible to fMRI. With fMRI, false positives are ubiquitous in individual
data, and, likewise, it is not certain whether all MEG-sensitive effects con-
tribute to hemodynamic changes. Also, cognitive tasks typically involve
highly distributed networks within and across distributed regions that gen-
erally defy simplification to a set of dipoles. Currently, effort is being made
to estimate the certainty of the dipole sources, and thus to increase the flex-
ibility and robustness of this approach.

A central issue in the integration of EEG or MEG and fMRI data and,
more generally, in the interpretation of fMRI signal changes is that of clar-
ifying the relationship between neuronal activity and fMRI signal changes.
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To this end, substantial effort has been applied using other modalities to
better understand fMRI contrast. Fruitful studies representing only a small
fraction of this effort include those using MEG (Singh et al., 2002), EEG
(Horovitz, Skudlarski, and Gore, 2002), optical imaging (Grinvald, Slovin,
and Vanzetta, 2000; Villringer, 1997; Cannestra et al., 2001; Boas, Dale,
and Franceschini, 2004), electrophysiological recording in humans (Huettel
et al., 2004) and animal models (Logothetis et al., 2001; Duong et al., 2000;
Devor et al., 2003) and microscopic oxygen probes in animal models
(Thompson, Peterson, and Freeman, 2003, 2004).

Transcranial Magnetic Stimulation

In TMS, a highly localized, rapidly oscillating magnetic field is directed at
specific circuits of the brain. This rapid oscillation induces neuronal activ-
ity, thereby disrupting normal function for what is thought to be a very
brief period of time. The power of this technique is its ability to probe the
necessity of specific nodes in a network as they relate to specific processes.
Because a central problem in the interpretation of brain activation maps is
that of determining causality, TMS is highly complementary to brain
mapping techniques. Thus it is not apparent from such maps which nodes
are activated as a result of actually performing the task and which are 
activated in order to perform the task. By allowing specific nodes of an 
activation network to be temporarily disabled, observation of behavior
associated with the application of TMS can tease apart the causality of 
the network involved (Lomarev et al., 2000). The additional dimension 
of neuronal timing can also be explored by modulating the TMS applica-
tion time relative to stimulus and response timing. Typically, the TMS
timing is titrated to determine the interval that most effectively interferes
with a specific behavioral process, thereby revealing neuronal communica-
tion rates.

Typically, with TMS and fMRI integration, a brain activation map is
first produced and then used to guide TMS stimulation outside of the
scanner. Some groups, however, by performing TMS during collection of
fMRI time series data, have been able to probe the effects of TMS, in itself,
on brain activation and thereby to assess functional connectivity against the
assumption that if one node is activated, then the nodes it is functionally
associated with will also be activated (Bohning et al., 2000a, 2000b). This
application, one should note, is highly challenging and may be risky since
the torque generated by interaction of the strong electrical currents of a
TMS device (typically a figure-eight loop of wire) with the scanner mag-
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netic field can be substantial, depending on the orientation (Bohning et al.,
2003).

Because, relatively speaking, TMS devices are inexpensive, easy to
operate, and noninvasive, and because the information this technique pro-
vides is highly complementary to the data provided by fMRI, TMS is
growing rapidly in popularity.

Physiological Measures

A growing trend in fMRI data collection has been not only toward simul-
taneous recording of behavioral responses but also toward simultaneous
collection of physiological measures such as heart and respiration wave-
forms, end tidal carbon dioxide, and skin conductance. The information
gleaned from these measures ranges from assessment and reduction of arti-
factual influences on the BOLD response to assessment and use of meas-
ures of arousal and attention.

Respiration and cardiac pulsations are known to contribute to arti-
factual signal changes in fMRI, from changes in the magnetic field caused
either by the chest cavity movement (respiration; Windischberger et al.,
2002; Pfeuffer et al., 2002a) or by localized acceleration of blood, cerebral
spinal fluid, and brain tissue (cardiac pulsations; Dagli, Ingeholm, and
Haxby, 1999). By simply recording respiration with a chest bellows and
cardiac pulsation with a pulse oximeter, neuroimagers can use these arti-
factual waveforms as “nuisance” regressors, thereby effectively increasing
functional contrast to noise and reducing false positive results.

A challenge in removing cardiac effects is that the repetition time is
typically too low to sample the cardiac waveform sufficiently. Methods have
been proposed to work around this problem (Frank, Buxton, and Wong,
2001; Menon, 2002; Noll et al., 1998). For some fMRI studies, the move-
ment artifacts caused by cardiac pulsations, particularly at the base of the
brain, are prohibitive—particularly when attempting to image very small
structures that may displace several voxels with each cardiac cycle. This
problem has been effective solved by a novel method involving cardiac
gating, which subsequently corrects T1-related fluctuations from irregular
repetition time values (Guimaraes et al., 1998).

An ongoing study of spontaneous end tidal carbon dioxide fluctua-
tions (Wise et al., 2004) has revealed useful information about the nature
of BOLD time series fluctuations. Maps generated using spontaneous
changes in end tidal carbon dioxide appear to delineate the spatial distri-
bution of resting-state venous blood volume, indicating the potential for
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BOLD signal changes at the voxel level. This study also gives strong evi-
dence that simple changes in breathing rate and depth during an experi-
ment can influence BOLD signal changes. The above three measures may
prove to have a complementary impact on the expanding research into
resting-state fluctuations to elucidate functionally correlated resting net-
works (see Lowe, Mock, and Sorenson, 1998; Gusnard et al., 2001; Biswal
et al., 1995).

A fourth physiological measure, skin conductance, is a sensitive indi-
cator of states such as arousal, attention, and anxiety. Skin conductance
data have also been successfully collected at the same time as fMRI time
series data (Critchley et al., 2000; Patterson, Ungerleider, and Bandettini,
2002, Williams et al., 2000; Shastri et al., 2001).This has been done to serve
two distinct reseach ends: (1) to ensure that subjects are exhibiting the
appropriate response to specific stimuli; and (2) to demonstrate the neu-
ronal correlates of skin conductance in specific mental states or during
resting state. Figure 9.5 shows time course plots from an experiment that
involved conditioning subjects to expect a shock when they heard a tone
presented during the conditioned-stimulus (CS) period (Knight, Nguyen,
and Bandettini, 2005).

To serve the second research end, simultaneous measures of skin con-
ductance are used is in much the same way as simultaneous EEG measures,
only in this case, SCR time course data are correlated with fMRI time series
data. Thus Patterson, Ungerleider, and Bandettini (2002) measured spon-
taneous skin conductance changes continuously during specific tasks and
resting state. Using the spontaneous skin conductance measurement as a
regressor, they identified a specific set of regions that showed activity that
was correlated with skin conductance changes independent of the task being
performed.

Conclusion

This chapter represents only a grainy snapshot of a rapidly changing scene.
Its aim has been to give at least some sense of the history, development,
limits, and more innovative ideas of functional MRI, and of the general
excitement surrounding this rapidly advancing technique. Integration of
fMRI with other techniques is steadily contributing to our understanding
of how the human brain is organized, how it changes from moment to
moment and year to year, and how it varies across clinically relevant pop-
ulations. Although it is still too early to tell what the ultimate impact of
fMRI will be have on the fields of neuroscience and medicine, one thing is

222 Peter A. Bandettini



already clear: functional magnetic resonance imaging is a maturing tech-
nique with extraordinary potential.
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Electroencephalography

Gina Rippon

This chapter considers electroencephalography (EEG) from two broad per-
spectives. The “structural” perspective, which addresses questions such as
“How is it measured?” “How are the data analyzed?” and “Where does it
come from?” comprises relatively straightforward descriptions of the prin-
ciples of EEG, focusing rather more on theory and analysis than on equip-
ment per se, but also touching on the potential integration of EEG with
other techniques. By contrast, the “functional” perspective, addressing
rather harder questions such as “What is it for?” and “What can it tell us
about how the brain works?” links EEG more specifically to cognitive 
neuroscience as a whole.

Although discussions of EEG may include theories of electronics to
explain the characteristics of amplifiers, for example, or detailed mathe-
matical equations to understand the differences between linear and non-
linear dynamics, Bayesian statistics and mutual information, these will only
be referred to in passing. My chapter is chiefly addressed to cognitive 
neuroscientists using different but possibly complementary techniques and
to novice electroencephalographers seeking an overview of the method, its
underlying principles, and its potential applications.

Development

Electroencephalography has the longest history of all brain-imaging tech-
niques. In 1929, Hans Berger (figure 10.1) described a signal measured 
from small electrodes attached to the scalp. The frequency of this signal
was 8–13 cycles per second (Hz) and Berger termed it the alpha rhythm.
Since then, the development and application of EEG techniques almost
exactly parallels the development of cognitive neuroscience. This has been
a process of mutually beneficial exchanges. Cognitive neuropsychologists
elegantly deconstructed complex cognitive processes such as language and

10



memory to produce hierarchical models of discrete subprocesses (see
Humphreys, Heinke, and Yoon, chapter 4, this volume). These models
could be tested and adjusted using the output of EEG signal-averaging tech-
niques, which had produced clearly delineated response waveforms offer-
ing temporal resolution on the millisecond timescale. As early cognitive
science models evolved, their demands drove technical advances in EEG.
The evolution of complex source localization models, for example, drove
the development of multichannel EEG systems. New ways of describing
brain activity supported the evolution of brain models from patterns of spe-
cialized modular structures to distributed neuronal assemblies characterized
by transient dynamic couplings. Such models could then be tested by the
increasingly sophisticated analysis of EEG activity. As we will see, interest
in EEG has to some extent now come full circle, from the early interest in
alpha waves to the highly complex interpretations of cortical and subcor-
tical oscillations, hailed as a “renaissance” for alpha waves in particular
and EEG as a whole (Başar et al., 1997; Fernandez et al., 1998).

Principles

The EEG signal reflects the electric potential differences in neuronal den-
drites from transmembrane currents. It is generally assumed that the
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Figure 10.1
Hailed as the “father of electroencephalography,” Dr. Hans Berger (1873–1941)
produced the first recording of electrical activity in the human brain in 1924.



primary source of the signal is current flow in the apical dendrites of pyram-
idal cells in the cerebral cortex. Located solely in gray matter, these cells
are oriented perpendicularly in the cortex. The value of these postsynaptic
potentials continually vary, even when the brain is “at rest,” and it is this
fluctuating activity which is described in terms of different frequencies.

Originally, EEG measurement entailed the attachment of conducting
electrodes (commonly silver chloride) of a fixed size to the scalp at stan-
dard locations. The comparison between two active recording sites is
known as a “bipolar derivation.” Single active electrodes may be compared
to common inactive reference electrodes for comparison; these may be non-
cephalic sites, such as the earlobes, mastoids, or the tip of the nose. The
electrodes are coupled to high-impedance amplifiers, with signals analyzed
at standard sampling rates; the higher the sampling rate, the better the signal
resolution. Since the medium frequencies are generally of interest to the
electroencephalographer, the signal is also fed through high- and low-
frequency filters (commonly 0.1 to 70+Hz). This screening out of infraslow
(DC shifts) and ultrafast (600+Hz) frequencies of the level that can be seen
in epileptic foci was originally due to technical limitations that have now
been overcome.

Contemporary EEG systems may now include nonmetallic electrodes
such as carbon and carbon fiber to make them compatible with the require-
ments of other imaging systems such as functional magnetic resonance
imaging (fMRI) and magnetoencephalography (MEG), or electrodes may
be mounted in plastic pedestals with scalp contact via electrolyte-soaked
sponges (as manufactured by Electrical Geodesics, Inc.). Electrodes may
also be premounted in elasticated caps or held in place by a geodesic net
system (figure 10.2).

For standard clinical EEGs, electrodes are attached at locations deter-
mined by an internationally agreed system. This standardized placement is
known as the “10/20 system.” The distance from the patient’s nasion to
inion and between the preauricular points is measured. Each electrode is
placed at 10/20 percent intersections along these distances. This results in
a montage combining 21 recording and 1 reference electrode. Electrode
placements are referred to by an initial letter indicating their location (F =
frontal; P = parietal; T = temporal; O = occipital) and a number, with odd
numbers referring to left hemisphere electrodes and even numbers to right
hemisphere electrodes, or the letter “z” indicating a vertex site (figure 
10.3).

Signal artifacts, which may arise from eye movement activity, muscle
activity, or cardiovascular activity, have to be screened out. Indeed, because
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Figure 10.2
Multichannel electroencephalography (EEG) electrode array using the geodesic net
system (manufactured by Electrical Geodesics, Inc.).

Figure 10.3
Diagrammatic representation of standard 10–20 location of electrodes for EEG
measurement.



the large slow wave frontal activity associated with eye movements can 
seriously contaminate EEG data (Picton et al., 2000), eye movement cor-
rection or rejection is a key aspect of EEG data analysis. Eye movements
are measured by the placement of electrodes above and below and at the
outer canthus of each eye. Eye movement rejection consists of the removal
from further analysis of any channels showing signals of greater than 
100mV; eye movement correction consists of the interpolation of projected
data to replace rejected data. There are several recognized procedures, the
most commonly used being that devised by Gratton, Coles, and Donchin 
(1983).

Currently, research techniques are moving toward an increasing
density of electrodes to provide data for sophisticated analyses of EEG data,
such as topographic mapping or source localization, where the smaller the
distance between electrodes, the more accurate the mapping. Arrays of 128
and 256 channels are not uncommon (see figure 10.2). Investigating the
effect of the number of electrodes on accuracy of source localization, Michel
et al. (2004) reported that precision increased dramatically from 25 up to
about 100, but leveled out somewhat beyond that number (accuracy was
assessed by comparison with the strong focal sources in epileptic patients).

Intracranial electroencephalograms (iEEGs) are recorded from grids
of electrodes implanted on the cortex in patients awaiting surgery, com-
monly for epilepsy (for review, see Lachaux, Rudrauf, and Kahane, 2003).
They provide a unique insight into the origin of electrical signals, without
the need to generate realistic head models to calculate the distorting effects
of conduction from source to scalp. In combination with cognitive para-
digms carefully designed to deconstruct the subprocesses of the cognitive
skill under scrutiny, they can provide detailed spatiotemporal maps of the
underlying neuronal processes. Despite typically low participant numbers,
and despite the possibility that preexisting pathology may induce cortical
reorganization, intracranial electroencephalography (iEEG) has the poten-
tial to provide independent verification of alleged neuronal sources.

Standard EEG analysis ranges from a straightforward description of
signal characteristics such as frequency or amplitude to a more detailed
description of how the signal and variations in its characteristics are dis-
tributed as a function of the electrode location or region of interest, referred
to as “occipital alpha,” “left parietal beta,” and so on.

The best-known description of EEG activity is in terms of different
frequencies. This information can be extracted by spectral analysis, whereby
amplitude characteristics of the frequency domain of the EEG signal can 
be assessed using a technique known as “fast Fourier transform” (FFT);
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simpler waveforms of specific frequency bands are identified and the signal
amplitude within each of these wavebands calculated. In addition to
Berger’s alpha rhythm, there are the slow delta waves (<4Hz) associated
with eye movements or sleep; theta waves (4–7Hz), beta waves (14–30Hz),
and gamma waves (30–50Hz, although sometimes simply described as 
40Hz). More recently, these traditional frequencies have been subdivided
into smaller bands such as slow and fast alpha (8–10Hz and 11–13Hz),
beta 1 (13–16Hz), beta 2 (16–20Hz) and beta 3 (20Hz and above).
Klimesch (1996) has also noted individual differences in alpha activity, iden-
tifying individual alpha frequencies (IAFs) for each experimental subject.
There are other brain wave rhythms associated with specific areas, such as
tau (auditory cortex) and mu (somatosensory cortex). Frequency activity
can be described as a function of the amplitude or power (square root of
amplitude) of the signal within a given frequency band. Different frequen-
cies have characteristic ranges of amplitude (alpha is generally between 
25 and 100µV; beta, less than 20µV).

Also of interest are the spatial characteristics of the EEG signal, its
distribution over the cortex and the changes in this distribution as a func-
tion of time, task demands, individual differences, and so on. A contem-
porary technique that allows online inspection of spatial characteristics of
the EEG is topographic mapping, whose simplest form provides amplitude
maps for each of the classical frequencies, with either color-coded or
grayscale maps depicting the variations in amplitude of the given frequency
over the cortex at a particular point in time (figure 10.4, plate 4). Power
maps indicate the intensity of the signal in given frequencies at different
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Figure 10.4
Topographic map displaying voltage changes across the cortical surface. See plate
4 for color version.



locations. In addition, statistical maps can be produced with the values from
the statistical comparisons mapped at the relevant points on the cortex, pro-
viding an “instant snapshot” of areas where statistically significant changes
have occurred.

Topographic maps have provided the kind of instant visibility missing
from the early, chart-gazing approach, although they must be viewed with
caution. The production of these maps involves an interpolation procedure
whereby the values lying between the electrodes are statistically estimated
in order to produce a value of best fit. These estimated values do not reflect
real EEG data, however.

Using an analytic process called “microstate segmentation”
(Lehmann, 1987), contemporary topographic mapping techniques can
assess differences over time between different topographic distributions of
the brain’s electrical field. Because field configurations, though changing
rapidly and discontinuously, remain stable for brief periods, these periods
are interpreted as an index of specific brain functions. Field configurations
are measured by the locations of the positive and negative centroids, shown
on isopotential contour maps (figure 10.5). This analysis allows a sequen-
tial presentation of different activation patterns paralleling the time course
of the relevant cognitive process, which can be statistically analyzed to
provide measures of strength and duration of the different microstates
(Pascual-Marqui, Michel, and Lehmann, 1995).

The analysis of any signal measured from the surface of the head must
deal with the “inverse problem,” namely, that there are potentially an infi-
nite number of possible sources within the brain that could produce the
given signal configuration (Fender, 1987; Michel et al., 2004). In special
cases, such as epilepsy, where clearly defined epileptic foci are known, the
use of iEEG can provide some independent verification of the source of a
given signal, but such applications are obviously limited to a few individu-
als and a restricted range of protocols. Moreover, for signals generated
within the head, estimation of the sources needs to take into account the
shape of the head and the conductivity of intervening tissue. Although
simple, spherical head models are computationally more straightforward,
they are potentially inaccurate; realistic, constrained head models, for their
part, are difficult to generate and incorporate. Source localization tech-
niques can be broadly divided into focused- and distributed-source models;
examples of each are outlined below.

Dipole fitting involves the application of electromagnetic field theory
(Fender, 1987). The changes in polarization of nerve cells produce electri-
cal potentials and magnetic fields that are directly related to the activation
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Figure 10.5
Spatial feature extraction and analysis in space-oriented ERP analysis. (A) Schematic
of electrode array. (B) At each time point, a potential distribution map is constructed
using linear interpolation between the electrodes; isopotential contour lines in steps
of 1.0 µV, positive area in black, negative area in white. (C) At each time point, the
locations of the negative (square) and the positive (circle) centroids can be used to
reduce and characterise the ERP field topography. (D) At each time point, the spatial
configuration of a momentary map is numerically expressed by 4 coordinate values
(L-R and A-P locations of the positive and negative centroid). The L-R and A-P
locations can be tested for differences between conditions (gray vs. white symbols).
The small circles show the locations of the point of gravity of the absolute map
voltages. (Adapted from Lavric et al., 2001)



patterns of the underlying nerve cell populations. If neurons are conceived
of as dipoles, electrical sources that project positive and negative fields in
opposite directions, EEG signals can be modeled as arising from specific
dipole current sources. The orientation of these dipoles with respect to the
surface of the cortex where recording is taking place will determine the pos-
itivity or negativity of the signal being measured. Using a moving-dipole
technique, one can calculate the source of any signal.

Dipole techniques have proved effective in studies of sensory pro-
cessing but are restricted by the necessary a priori assumptions regarding 
a limited number of sources. Any processes potentially involving a wide-
spread cortical network are difficult to model in this way. Distributed-
source models do not make any a priori assumptions regarding the number
of sources underlying any given signal; they can produce a volumetric grid
of potential locations, which can then be analyzed to estimate a configura-
tion of activity that matches the observed one. Under this heading come
minimum norm and weighted minimum norm techniques as well as the
beamformer approaches, of which synthetic aperture magnetometry (SAM),
a nonlinear form, is currently favored by magnetoencephalography (MEG)
researchers (see Singh, chapter 12, this volume).

As well as identifying single or distributed sources of EEG signals,
researchers are interested in the interconnectivity between the sources.
Coherence analysis computes the correlations between electrodes or groups
of electrodes as a function of frequency. Variations in the size and sign of
the correlation coefficient are taken as a measure of the “coupling” or
“uncoupling” of the respective areas. Coherence values vary from 0 (uncor-
related) to 1 (fully correlated). Early studies used rather simplistic linear
assumptions; more recent metrics incorporate nonlinear methods.

The coherence analysis technique is not without its critics, the
outcome of the measures potentially being affected by the use of inappro-
priate reference electrodes, for example (French and Beaumont, 1984).
More complex versions of simple coherence have evolved in an attempt to
capture the variations in apparent collaborations across the cortex, depict-
ing the distance between correlated sources and the changes in correlations
over time, both within and between different frequencies (e.g., Weiss and
Mueller, 2003). More contemporary models of connectivity suggest that
coherence does not accurately reflect the “chaotic,” nonlinear nature of
electrical activity in the brain (David, Cosmelli, and Friston, 2004).

Following Berger’s lead, early cognitive EEG researchers used fre-
quency variations as the dependent variables while investigating, for
example, the relationship between alpha and attention. They attached little
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functional significance to these variations, however, and made little attempt
to apply such findings to the emerging cognitive science models, where
complex processes were being deconstructed and described in terms of dis-
tributed networks of modules and serial or parallel processing. Instead, a
technique that arose from the availability of more powerful computational
assistance for EEG analysis was the EEG metric of choice. Averaging tech-
niques can combine the EEG responses from large numbers of stimulus rep-
etitions to produce an average evoked response or potential. It is assumed
that the responses are consistent and that they are time locked to the stim-
ulus event; averaging will cancel out the “random” background EEG activ-
ity. The resultant waveforms are described in terms of their polarity (P =
positive; N = negative) and their latency (e.g., “N100” is a negative-going
potential occurring approximately 100msec after stimulus onset). The base-
line-to-peak or peak-to-peak amplitude of the waveforms can also be meas-
ured (figure 10.6).

Potentials evoked in association with sensory processes are usually
called “evoked potentials” (EPs), hence the term visual evoked potential
(VEP). Latencies are usually short (<100msec) and amplitudes small 
(<1µV). They have proved a useful measure of the integrity of sensory path-
ways and hence can be a valuable clinical tool. Evoked potentials associ-
ated with cognitive processes are commonly termed event-related potentials
(ERPs). They have longer latencies (100–600msec) and can be measured in
tens of microvolts. Until recently, ERPs have been the main tool in the appli-
cation of EEG to cognitive neuroscience research; their fine temporal reso-
lution allows neuroscientists to examine behavioral processes that occur
over millisecond timescales. As variations in latencies and polarities became 
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Figure 10.6
Characteristic ERP waveform, showing positive and negative changes at approxi-
mately 100msec and Mismatch negativity (MMN) response to standard and deviant
stimuli.



associated with individual cognitive processes, a specific taxonomy arose, 
with ERPs of differing latencies or polarities named, for example, after the
cognitive process that was purportedly being indexed (e.g., “mismatch neg-
ativity—MMN”), the characteristics of the cognitive situation (“novelty
P300”; “incongruity response—N400”), or the paradigm within which they
were elicited (“oddball P300”).

Changes in amplitude or power could be associated with different
aspects of the relevant process; for example, repeated or successfully
recalled items in a memory test were found to elicit larger ERPs than new
or unsuccessfully recalled items (Rugg and Coles, 1995). Changes in the
amplitude of specific components have been interpreted as indices of the
allocation of specific cortical resources to the task, with increases taken as
an index of increased, and decreases as an index of decreased, allocation.
A paradigm involving the use of “probe” stimuli evolved in association with
this interpretation. A simple stimulus is presented while a particular task
(e.g., memorizing a list of words) is ongoing; variations in the amplitude of
the EP/ERP are analyzed as a function of variations in task complexity. It
is commonly found that with increasing complexity, a reduction in EP or
ERP amplitude is noted. This can be interpreted as an index of a diversion
of processing resources from the simple stimulus to the cognitive task (e.g.,
Lavric et al., 2000). These changes in amplitude can be interpreted as asso-
ciated with changes in amount of recruitment of underlying cortical areas,
although the acceptance of this interpretation is subject to the same caveats
as all source-related interpretations of EEG data.

With the development of multichannel EEG systems, it became pos-
sible to combine analysis of the waveform components of ERPs with topo-
graphic mapping techniques to produce a temporal map, apparently
“tracking” the different stages of a cognitive process. These data could be
interpreted in terms of both time and space. Thus, if the amplitude of an
ERP was observed to increase in frontal sites prior to an increase in pari-
etotemporal sites, this could be construed as tracking the activity of a fron-
toparietal system.

ERP techniques proved fruitful for EEG cognitive scientists at the end
of the last century, when almost all cognitive processes were examined
applying ERP methodology (Rugg and Coles, 1995). Two of the best known
are referred as the “mismatch negativity (MMN) response” and the “P300”
or “P3,” respectively.

Initially identified as a measure of preattentive processing and subse-
quently much researched by Näätänen et al. (2001), the MMN response is
the outcome of a template-matching procedure, with comparisons made
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between an established neuronal model and incoming stimuli. The greater
the deviation between the characteristics of the incoming stimulus and the
template, the greater the amplitude and the shorter the latency of the MMN.

The integrity of the MMN response can be taken as a measure of the
efficiency of early auditory processing; psychophysical thresholds can be
established as a behavioral correlate. If the extent of deviation necessary
before an MMN response occurs is outside the normal range, this can be
interpreted as a deficit of the underlying cortical processes. Stimuli can be
varied along a number of dimensions, such as frequency, duration, and
intensity (Näätänen et al., 2004). According to Deouell, Bentin, and Giard,
(1998), the MMN response is generated by two main intracranial processes,
in the auditory and the frontal cortices. Because experimental subjects need
not process the eliciting stimulus in any way, the MMN response is of
tremendous utility in assessing early information processing in the very
young or in clinical populations (Näätänen, 2003).

The P300 or P3, a positive-going ERP occurring approximately 
300msec after a stimulus, has received much attention as a potential index
of human cognitive processes (Polich and Kok, 1995). An “oddball” P300
is observed when repeated series of identical stimuli are occasionally inter-
spersed with a deviant stimulus, varying along relevant dimensions. The
response to the “target” stimulus is compared with that to the “standard”
stimulus and is taken as a measure of the processing of the differences
between these classes of stimuli or the significance of these differences
(Sutton et al., 1965). It has been suggested that the P300 is a measure of
the outcome of comparisons between internal expectations or template
matching processes and external “reality.” Those expectations and conse-
quences of confirmation/violation can be manipulated via task demands and
stimulus characteristics.

A “novelty” P300 or P3, sometimes called the “P3a,” is observed
when an additional stimulus completely different from the task-relevant
ones is introduced. It has been associated with the generation a new model
of the novel event (Friedman, Cycowicz, and Gaeta, 2001). The P3 response
to the target stimulus, which is enhanced if its occurrence requires pro-
cessing, is called the “P3b.” The P3a is commonly frontally distributed as
compared to the posterior P3b. Using principal component analysis, Dien,
Spencer, and Donchin (2003) suggest that the P3b has sources in the tem-
poroparietal junction, whereas the novelty P3 or P3a has sources in the
anterior cingulate cortex.

Although there are other well-researched examples of event-related
potentials associated with more specific cognitive processes, such as the
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N400 and the ERPs of linguistic violation studies (Kutas and Federmeier,
2000), the MMN response and the P300 have proved adaptable to a wide
range of paradigms and valuable as dependent variables in a range of task
and subject manipulations. However, although the fine temporal resolution
of ERPs is undeniable, spatial interpretations are, of course, equally hostage
to the inverse problem and source localization assumptions.

ERPs did much to carry the “timing” torch for EEG throughout the
rise of cognitive neuroscience and the evolution of highly sophisticated
spatial mapping systems. Findings using ERPs have led to elegant models
of complex cognitive processes, and insight into the sequence and duration
of associated subprocesses. Noting the close similarity between potential
maps generated by ERPs and power distribution maps generated by EEG,
Makeig et al. (2004) suggest the possibility of converting the former to the
latter.

Innovation

As described above, the underlying assumption of ERPs or event-related
frequency analyses is that responses are consistent across all trials, time-
locked to each stimulus event. Although it is plausible to assume that a
response can be time- and phase-locked in primary motor and sensory
cortex, the more complex the process and the more distributed the under-
lying cortical network, the less acceptable this assumption would appear to
be. Emerging models of brain dynamics focus instead on trial-by-trial reset-
ting of underlying EEG frequency oscillations, associated with the activity
of multiple sources (see Penny et al., 2002).

An aspect of the renewed interest in EEG frequency studies was their
focus on the functional significance of increases and decreases in power
within specific frequency bands. Pfurtscheller and Aranibar (1977) coined
the term event-related desynchronization/synchronization (ERD/S), with
variations in amplitude or power hypothesized to arise from variations in
the desynchronization/synchronization of the originating neuronal popula-
tion, increasing/decreasing power associated with increasing/decreasing 
synchrony, respectively.

Somewhat confusingly, it has been suggested that the reduction in
power termed event-related desynchronization is connected with increased
activation in a given cortical area, possibly associated with the task-related
and transient uncoupling of this area from a larger cortical network. By
contrast, the increase in power termed event-related synchronization is 
associated with a reduction in activation of a task-irrelevant area, possibly
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associated with inhibition. Neuper and Pfurtscheller (2001) further devel-
oped this concept and described patterns of “focal ERD with surround
ERS,” reflecting the activity of a thalamocortical mechanism to enhance
focal cortical activation by simultaneous inhibition of other areas. To some
extent, the term event-related desynchronization/synchronization can be
seen to beg the question as to the nature of the activity in the neuronal clus-
ters that gives rise to these spectral power changes. Makeig et al. (2004)
have coined the term event-related spectral perturbation (ERSP), which
seems to avoid this pitfall.

With the emergence of more sophisticated models of brain activity
focusing on nonlinear oscillatory dynamics and functional connectivity
(Varela, Lachaux, and Martiniere, 2001), there has been renewed interest
in the “background” EEG activity and its frequencies. Emergent patterns
of activity are now interpreted as quasi-deterministic reorganizations of
prestimulus activity, rather than as information superimposed on back-
ground noise. Attention is drawn to the distinctions between evoked
changes in activity, which were assumed to be time-locked to the eliciting
event, and induced changes in activity, which were assumed to be associ-
ated with the eliciting event but not necessarily time-locked to it and to 
evidence trial-by-trial variations.

The data analysis associated with this approach, though computa-
tionally more intense, is actually less restrictive in terms of the paradigms
and tasks to which it can be applied. The signals can be summed and aver-
aged to measure the phase- and time-locked changes of evoked activity or
considered trial by trial to investigate emerging components that are
induced by, but not strictly time-locked to, stimulus onset. This has proved
particularly valuable in identifying high-frequency components such as
gamma waves, which frequently did not emerge with standard time-locked
averaging. The time-frequency characteristics of each epoch can be identi-
fied using wavelet analysis and visualized using time-frequency representa-
tions (TFRs) or spectrograms (figure 10.7, plate 5). Spatial maps can be
produced and coregistered with anatomical data to indicate the cortical
sources of distinct local field processes (Makeig et al., 2004).

Such techniques have a reciprocal relationship with emerging models
of brain activity. It is now possible to describe frequency-specific oscilla-
tions within discrete neuronal areas and to measure temporally transient
coupling between such areas. These can be long-distance connections or
between closely neighboring sites. Models can be tested using linear or non-
linear approaches (David, Cosmelli, and Friston, 2004). The focus is very
much on the frequency characteristics of the EEG signal. It is suggested that
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it is via these changes or modulations of frequencies that the brain codes
and stores the information it is receiving and transmitting (Makeig et al.,
2004).

The analytical advance arising from the “event-related brain dynam-
ics” approach focused renewed attention on EEG frequencies, not just as
dependent variables but as quasi-deterministic phenomena. It became clear
that any attempt to understand how the brain achieves the transient inte-
gration of local networks of neurons, which underpins all processes from
simple sensation to consciousness itself, would require a better under-
standing of the role of EEG (or MEG) frequencies in the brain. This focus
on frequency has motivated attempts to combine EEG with spatially more
powerful techniques such as fMRI in order to localize the source of the fre-
quency changes. Moreover, it has been suggested that, if external influences
such as transcranial magnetic stimulation (TMS) can be used to vary (block
or attenuate) specific frequencies, perhaps they could also be used to block
or enhance specific cognitive processes.

Fernandez et al. (1998) have claimed that different EEG frequencies
are propagated by different neural generators. Early research focused on
the concept of unique pacemakers, and sought single or simple source solu-
tions (see Michel et al., 1992). More recent conceptualization suggests dif-
ferent frequencies reflect the activity of distributed systems, either locally
networked or widely distributed, which resonate together in temporary cou-
plings, dependent on the processing requirements (Nunez, 2000; Başar 
et al., 1997; Başar, Schurman, and Sakowitz, 2001; Rodriguez et al., 1999).

Research into theta activity is a good example of attempts to discover
the functional significance of an EEG frequency by investigating its 

251 Electroencephalography

Figure 10.7
Time-frequency representation (TFRs) of event-related inerease in gamma (30–40
Hz) activity at approximately 300msec poststimulus. See plate 5 for color version.
(Adapted from Brown et al., 2005)



cortical and cognitive correlates. The theta waveband has been described
rather charmingly by Lopes da Silva (1992) as “the finger print of all limbic
structures.” It is frequently claimed as an index of hippocampal activity
(Tesche, Karhu, and Tissari, 1996; Burgess and Gruzelier, 1997). It has been
measured in human hippocampal areas using implanted electrodes, with
dipole modeling of frontal midline theta reporting sources in the hip-
pocampus, the prefrontal cortex, and the anterior cingulate (Asada et al.,
1999). And, indeed, it has been shown to be the dominant rhythm in rat
and cat hippocampal structures.

With respect to the behavioral significance, one would therefore
expect theta variations to be associated with cognitive processes associated
with limbic structures. Unsurprisingly, then, variations in theta have been
associated with variations in memory performance (Klimesch et al., 1997,
2001). Burgess and Gruzelier (1997) demonstrated that variations in theta
during episodic memory tasks were associated with successful discrimina-
tion between “new” and “old” stimuli. More generally, it has been shown
that frontal theta varies with success or improvements in task performance.
Gevins et al. (1997) have reported changes in theta as a function of prac-
tice; Rohm et al. (2001) have reported that theta in the encoding stages of
a memory task is a predictor of later successful retrieval; and Rippon and
Brunswick (1998, 2000) have reported that successful task performance in
dyslexic children is associated with increased levels of frontal theta.

How does oscillatory activity at 4–7Hz support these cognitive
processes? Miller (1991) attributes a priming role to the hippocampus, with
hippocampal theta activity priming the circuits of target structures. Asso-
ciated with this is the Treves and Rolls (1994) model, whereby those parts
of the cortex which were active when the memory was laid down are 
reactivated by hippocampal theta “driving.” Başar and colleagues (Başar,
Schurmann, and Sakowitz, 2001) posit a similar model whereby a theta
“state” modulates the degree of limbic and prefrontal activation.

The alpha rhythm was, of course, the first EEG rhythm to be described
and its history therefore partly parallels the history of EEG research.
Although there was early interest in its behavioral correlates, the difficulty
in inferring the underlying cortical mechanisms reduced the usefulness of 
the alpha rhythm as a neuroscience research tool. A special edition of the
International Journal of Psychophysiology in 1997 hailed the “renaissance
of alphas” (Başar et al., 1997), with the use of the plural designed to draw
attention to the claimed existence of multiple phenomena in the alpha 
frequency band. The neural origins of alpha waves can be demonstrated by
cellular recording. Llinás (1988) reported action potentials in the alpha range
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in thalamic neurons, and suggested that alpha activity is associated with 
thalamic pacemakers driving thalamocortical networks (see Steriade et al.,
1990). In a review of alpha oscillations in the brain, Başar et al. (1997) refer
to a more diffuse and distributed alpha system and identify alpha activity in
a variety of networks dependent on the associated behavior.

As with the theta rhythm, the alpha rhythm appears to be associated
with specific cognitive processes. Much work by Klimesch and colleagues
has indicated its role in memory functions. According to Klimesch (1997),
variations in alpha can be taken as an index of individual differences, with
good memory performers consistently showing alpha activity at a frequency
about 1Hz higher than that for bad performers. Moreover, within the alpha
range, different stages of a memory process appear to be represented with
low (8–10Hz) alpha varying as a function of attentional demands and high
(10–12Hz) alpha as a function of stimulus characteristics and semantic
memory processes.

Early observations of the disappearance (or “blocking”) of alpha
activity with visual stimulation, or of mu activity with somatosensory stim-
ulation, and its replacement by higher-frequency, lower-amplitude activity
suggested that alpha activity was a measure of some kind of steady or unen-
gaged cortical state. Thus an increase in alpha power or alpha event-related
synchronization (ERS) was taken as a measure of “cortical idling”
(Pfurtscheller, Stanak, and Neuper, 1996). This term is perhaps unfortunate
since it implies no activity, making reports of alpha ERS in successful or
skilled task performance seem paradoxical. However, an alternative inter-
pretation of ERS as a measure of the interruption or inhibition of thalam-
ocortical information transfer and thus the reduction in activity of
task-irrelevant networks may explain this apparent paradox (Pfurtscheller,
Stancak, and Neuper, 1996).

Beta activity characteristically occurs in situations of specific task
demand. Its distribution is less widespread than alpha, and topographic
mapping indicates much more focal, localized patterns. Focusing on motor
processing, Neuper and Pfurtscheller (2001) contend that beta activity is an
index of local activation in sensorimotor areas. They interpret reductions
in signal power observable after movement and somatosensory stimulation
as the induction of a state of inhibition in these areas, suggesting that neural
networks in the primary motor areas are responsible for the generation of
oscillatory beta bursts. Lopes da Silva and Pfurtscheller (1999) argue that
higher-frequency EEG activity arises from more restricted neuronal pools.
Because it appears only on the cortex, beta activity is taken as an exemplar
of such restricted synchrony (Lopes da Silva, 1991). Freeman (2004a, b)
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attributes a “carrier wave” role to beta activity, asserting that beta waves
are caused by dendritic currents and determine the firing rate of currently
interacting neurons. Moreover, Freeman suggests that, as the counterpart
to gamma activity in the “binding” together of relevant neuronal assem-
blies over short distances, beta activity is responsible for longer-distance
synchronization, associated with the activity of long axons of excitatory
neurons with high conduction velocities. On the other hand, von Stein and
Sarnthein (2000) contend that beta activity plays a more medium-distance
role in synchrony, between neighboring cortical areas such as temporal and
parietal lobes.

To some extent, current interest in EEG frequencies was stimulated
by focus on the gamma rhythm, the high-frequency EEG wave whose pres-
ence became easier to determine with improvements in equipment and
signal-processing methods. Based on evidence from intracellular recording
(Singer and Gray, 1995) and scalp-recorded EEG, Tallon-Baudry and
Bertrand (1999) link gamma-band activity with “binding,” the integration
of functionally discrete activation across the brain; they posit that rhyth-
mic synchronization of neural discharges in the gamma band provide the
necessary spatial and temporal links that bind together subprocessing in 
different areas to build a coherent percept. Studies using illusory or ambi-
guous figures (Rodriguez et al., 1999; Tallon-Baudry et al., 1999) have
shown that successful perception of the figure is associated with bursts of
induced (not evoked) gamma activity. Similarly, gamma activity has been
associated with activation of internal representations in perception and
memory (Tallon-Baudry et al., 1997, 1998). In a review of the role of 
early-onset (<150msec) and late-onset (>200msec) gamma components, 
Herrmann, Munk, and Engel (2004) propose a potentially unifying model,
whereby sensory information is matched with memory contents, with the
late-onset component indexing processing outcome such as response selec-
tion or context updating.

Early interpretations of the above research claimed gamma activity as
the index of consciousness, in that it emerged only when there was a sub-
jective experience or consciousness of a given percept, such as a triangle in
the Kanisza figure or a face in the Mooney faces paradigm, that is, when
the discrete parts of the percept were experienced as a coherent whole. It
was therefore claimed that gamma activity, as a measure of the effective
integration or coupling of the neural output from distinct brain regions,
was the solution to the “binding” problem (Nunez, 2000). On the other
hand, because such synchronization only occurs over distances of a few mil-
limeters, (Steriade, Amzica, and Contreras, 1996), it has been argued that
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gamma activity’s binding role may well be limited to discrete assemblies
associated with perception and perceptual representation.

Just as intrafrequency changes can have a cognitive and a biological
significance, so, too, can interfrequency changes. For example, Klimesch
(1996) observed changes in alpha and theta activity in parallel with encod-
ing and recognition stages of a memory task. Using measures of ERS/ERD
in theta and alpha activity, split into narrow (2Hz) frequency bands in a
working memory task, Krause et al. (2000) showed theta event-related syn-
chronization at stimulus recognition stages and ERS/ERD variations
between the alpha band frequencies fluctuating as a function of increasing
attentional demands and memory load.

As interpeted by von Stein and Sarnthein (2000), high-frequency
(gamma) activity reflects activity within localized areas, beta activity reflects
activity between neighboring cortical sites, and alpha and theta activity
reflect longer-range anterior-posterior pathways. Synchronization over
more widely separated cortical areas might be brought about by slower fre-
quencies such as alpha, the difference being due to axonal size and con-
duction velocities (von Stein and Sarnthein, 2000; Bruns and Eckhorn,
2004). Thus the necessity to couple both local and global processes will
involve coupling both high- and low-frequency signals.

It is, perhaps, surprising that frequency bandwidths defined at the
outset of EEG research still inform research today, even if they have been
subdivided in some cases. They have been abandoned by some researchers
who have devised instead descriptors as a function of standard bandwidths,
such as “2Hz” or “10Hz.” The advantage of the classical bandwidths 
for cognitive neuroscientists is that there is a well-established association
between these and a wide range of cognitive processes. It remains to be seen
whether a different nomenclature will eventually emerge.

Because the majority of brain processes cognitive scientists are inter-
ested in studying operate on a millisecond timescale, only techniques that
have such temporal resolution can investigate these processes with any
validity. That is the secret of the continued success of electroencephalogra-
phy in the panoply of available research techniques. Indeed, the availabil-
ity of EEG has informed the development of contemporary brain models
stressing nonlinear dynamics and the interaction of widely and transiently
coupled neuronal assemblies (Tononi and Edelman, 1998; Varela, Lachaux,
and Martiniere, 2001; David, Cosmelli, and Friston, 2004), models that can
be expected to feed back into the ways EEG data are analyzed.

Perhaps the claims to have unlocked the secrets of consciousness
through gamma wave research were somewhat premature. Nevertheless, an
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understanding and accurate characterization of event-related brain dynam-
ics has enormous significance for understanding pathological conditions
where functional rather than structural pathology is implicated. One
example of this is in research into autism, where it has been possible to test
hypotheses of dysfunction in local and global neuronal coupling as under-
pinning the classic triad of impairments that characterize the behavior of
autistic individuals (Grice et al., 2001; Brown et al., 2005). Similar inno-
vative applications can be seen in other developmental disorders and, at the
other end of the age scale, in models of normal and abnormal cortical aging
(Reuter-Lorenz, 2002). Thus EEG (and with it, MEG) has a clear role to
play in exciting new developments in cognitive neuropsychiatry.

Limitations

One undeniable drawback of electroencephalography is its comparatively
poor spatial resolution. As described above, along with other neuroimag-
ing techniques such as magnetoencephalography (MEG), EEG suffers from
the inverse problem, whereby a signal distribution measured at the surface
could arise from a potentially infinite number of different intracranial
sources. An additional problem that EEG has, and MEG does not, is that
the EEG signal is distorted en route from the intracortical source to scalp.
In source localization calculations, an appropriate “head model” thus needs
to incorporate estimates of tissue conductivity and consequences for surface
mapping of variations in head shape (Michel et al., 2004). Use of intracra-
nial electroencephalographic (iEEG) estimations based on characteristics of
signals from known epileptic foci or foci identified by other imaging tech-
niques, animal models and lesion models can give rise to reasonably valid
a priori assumptions about underlying cortical sources. As will be discussed
below, the integration of EEG with other brain-imaging techniques will go
quite some way to overcoming EEG’s limitations.

Integration

It might seem surprising to suggest that EEG could be considered comple-
mentary to MEG when the latter can be described as “EEG without the
problems”—no technical difficulties with electrodes or electrolytes, no
head-modeling problems, even finer temporal resolution. Nevertheless, EEG
can indeed be considered as complementary to MEG and, in some cases,
can even serve as an alternative to it. Thus MEG may have reduced sensi-
tivity to radial sources, which can be effectively accessed by EEG—an
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important consideration in the accurate presurgical mapping for the treat-
ment of epilepsy. Additionally, because metallic implants preclude the use
of MEG, only EEG can be used for brain activity mapping in certain classes
of patients.

The coupling of EEG and fMRI combines the superior temporal res-
olution of the former with the superior spatial resolution of the latter. Simul-
taneous EEG and fMRI recording is now a possibility, limited mainly by
the need to eliminate scanner artifacts from EEG data. To this end, inter-
leaving paradigms have been developed, and spontaneous EEG-fMRI and
evoked potential–fMRI studies have been carried out (Salek-Haddadi et al.,
2003). The integration of EEG and fMRI can be mutually beneficial, with
the fMRI data helping to validate the estimated dipole sources, and with
comparisons between the hemodynamic and electrical responses offering
insight into the relationships between the two.

Conclusion

The future of EEG in brain research in general and cognitive neuroscience
in particular is very promising. EEG provides the link between the cortical
and the cognitive/behavioral levels of explanation; indeed, it is clear that
EEG activity, far from serving as a mere dependent variable, signals the con-
tinuous interplay between these two levels.

That said, mindful of what EEG is actually measuring—cellular activ-
ity at the membrane level—we must not lose sight of biological plausibil-
ity in our search for the most elegant statistical model. As EEG researchers,
we have much to learn from cellular physiologists. Similarly, to ensure rig-
orous behavioral verification of the processes we are modeling, we must
collaborate with clinical and cognitive neuropsychologists to develop
appropriate paradigms and output measures. If we do these few things, we
can be sure that the oldest of all neuroimaging techniques has much to offer
to the study of the mind.
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rhythms in the brain. Boston: Birkhauser.

Lopes da Silva, F. H., and Pfurtscheller, G. (1999). Basic concepts of EEG synchro-
nisation and desynchronisation. In G. Pfurtscheller and F. H. Lopes da Silva (Eds.),
Handbook of electroencephalography and clinical neurophysiology. Vol. 6: Event-
related desynchronisation. Amsterdam: Elsevier.

Makeig, S., Debener, S., Onton, J., and Delorme, A. (2004). Mining event-related
brain dynamics. Trends in Cognitive Sciences, 8(5), 204–210.

Michel, C. M., Lehmann, B., Hemggler, B., and Brandeis, D. (1992). Localisation
of the sources of EEG delta, theta, alpha and beta frequency bands using the FFT
dipole approximation. Electroencephalography and Clinical Neurophysiology, 82,
38–44.

Michel, C. M., Murray, M. M., Lantz, G., Gonzalez, S., Spinelli, L., and Grave de
Peralta, R. (2004). EEG source imaging: Invited review. Clinical Neurophysiology,
115, 2195–2222.

Miller, R. (1991). Cortico-hippocampal interplay and the representation of contexts
in the brain. Berlin: Springer.

Näätänen, R. (2003). Mismatch negativity: Clinical research and possible applica-
tions. International Journal of Psychophysiology, 48, 179–188.

Näätänen, R., Pakarinen, S., Rinne, T., and Takegata, R. (2004). The mismatch neg-
ativity (MMN): Towards the optimal paradigm. Clinical Neurophysiology, 115,
140–144.

Näätänen, R., Tervaniemi, M., Sussman, E., Paavilainen, P., and Winkler, I. (2001).
Primitive intelligence in the auditory cortex. Trends in Neurosciences, 24(5),
283–288.

Neuper, C., and Pfurtscheller, G. (2001). Event-related dynamics of cortical rhythms:
Frequency-specific features and functional correlates. International Journal of Psy-
chophysiology, 43, 41–58.

Nunez, P. L. (2000). Toward a quantitative description of large-scale neocortical
dynamic function and EEG. Behavioural and Brain Sciences, 23, 371–437.

Pascual-Marqui, R. D, Michel, C. M., and Lehmann, D. (1995). Low-resolution
electromagnetic tomography: A new method to localise electrical activity in the
brain. International Journal of Psychophysiology, 18, 49–65.

Penny, W. D., Kiebel, S. J., Kilner, J. M., and Rugg, M. D. (2002). Event-related
brain dynamics. Trends in Neurosciences, 25(8), 387–389.

Pfurtscheller, G., and Aranibar, A. (1977). Event-related cortical desynchronization
detected by power measurements of scalp EEG. Electroencephalography and Clin-
ical Neurophysiology, 42, 817–826.

260 Gina Rippon



Pfurtscheller, G., and Lopes da Silva, F. H. (1999). Event-related EEG/MEG syn-
chronisation and desynchronisation: Basic principles. Clinical Neurophysiology,
110, 1842–1857.

Pfurtscheller, G., Stancak, A., and Neuper, C. (1996). Event-related synchronisation
(ERS) in the alpha band—an electrophysiological correlate of cortical idling: A
review. International Journal of Psychophysiology, 24, 39–46.

Picton, T. W., Bentin, S., Berg, P., Donchin, E., Hillyard, S. A., Johnson, Jr., R.,
Miller, G. A., Ritter, W., Ruchkin, D. S., Rugg, M. D., and Taylor, M. J. (2000).
Guidelines for using human event-related potentials to study cognition: Recording
standards and publishing criteria. Psychophysiology, 37, 127–152.

Polich, J. (1997). On the relationship between EEG and P300: Individual differ-
ences, ageing, and ultradian rhythms. International Journal of Psychophysiology,
26, 299–317.

Polich, J., and Kok, A. (1995). Cognitive and biological determinants of P300: An
integrative review. Biological Psychology, 41, 103–146.

Ray, W. J., and Cole, H. W. (1985). EEG alpha activity reflects attentional demands
and beta activity reflects emotional and cognitive processes. Science, 228, 750–752.

Reuter-Lorenz, P. A. (2002). New visions of the ageing mind and brain. Trends in
Cognitive Sciences, 6(9), 394–400.

Rippon, G. M. J., and Brunswick, N. (1998). EEG correlates of phonological pro-
cessing in dyslexic children. Journal of Psychophysiology, 12, 261–274.

Rippon, G., and Brunswick, N. (2000). State and trait EEG indices of information
processing in developmental dyslexia. International Journal of Psychophysiology,
36(3), 251–265.

Rodriguez, E., George, N., Lachaux, J. P., Martiniere, J., Renault, B., and Varela,
V. J. (1999). Perception’s long shadow: Long-distance synchronisation of human
brain activity. Nature, 397, 430–433.

Rohm, D., Klimesch, W., Haider, H., and Doppelmayr, M. (2001). The role of theta
and alpha oscillations for language comprehension in the human electroencephalo-
gram. Neuroscience Letters, 310, 137–140.

Rugg, M. D., and Coles, M. G. H. (Eds) (1995). Electrophysiology of mind: Event-
related brain potentials and cognition. Oxford: Oxford University Press.

Salek-Haddad, A., Lemieux, L., Merschhemke, M., Diehl, B., Allen, P. J., and Fish,
D. R. (2003). EEG quality during simultaneous functional MRI of interictal epilep-
tiform discharges. Magnetic Resonance Imaging, 21, 1159–1166.

Schack, B., Vath, N., Petsche, H., Geissler, H. G., and Möller, E. (2002). Phase-
coupling of theta-gamma EEG rhythms during short-term memory processing.
International Journal of Psychophysiology, 44, 143–163.

Singer, W. (1999). Neuronal synchrony: A versatile code for the definition of rela-
tions? Neuron, 24, 49–65.

261 Electroencephalography



Singer, W., and Gray, C. M. (1995). Visual feature integration and the temporal cor-
relation hypothesis. Annual Review of Neuroscience, 18, 555–586,

Singh, K. D., Barnes, G. R., Hillebrand, A., Forde, E. M. E., and Williams, A. L.
(2002). Task-related changes in cortical synchronisation are spatially coincident
with the haemodynamic response. NeuroImage, 16, 103–114.

Steriade, M., Amzica, F., and Contreras, D. (1996). Synchronization of fast (30–40
Hz) spontaneous cortical rhythms during brain activation. Journal of Neuroscience,
16(1), 392–417.

Steriade, M., Gloor, P., Llinas, R. R., Lopes da Silva, F. H., and Mesulam, M. M.
(1990). Basic mechanisms of cerebral rhythmic activities. Electroencephalography
and Clinical Neurophysiology, 76, 481–508.

Sutton, S., Braren, M., Zubin, J., and John, E. R. (1965). Evoked potential corre-
lates of stimulus uncertainty. Science, 150, 1187–1188.

Tallon-Baudry, C., and Bertrand, O. (1999). Oscillatory gamma activity in humans
and its role in object representation. Trends in Cognitive Sciences, 3(4), 151–162.

Tallon-Baudry, C., Bertrand, O., Delpuech, C., and Pernier, J. (1997). Oscillatory
gamma-band (30–70Hz) activity induced by a visual search task in humans. Journal
of Neuroscience, 17(2), 722–734.

Tallon-Baudry, C., Bertrand, O., Peronnet, F., and Pernier, J. (1998). Induced
gamma-band activity during the delay of a visual short-term memory task in
humans. Journal of Neuroscience, 18(11), 4244–4254.

Tesche, C. D., Karhu, J., and Tissari, S. O. (1996). Non-invasive detection of neu-
ronal population activity in human hippocampus. Cognitive Brain Research, (4),
39–47.

Treves, A., and Rolls, E. T. (1994). Computational analysis of the role of the hip-
pocampus in memory. Hippocampus, 4, 374–391.

Varela, F., Lachaux, J.-P., Rodriguez, E., and Martiniere, J. (2001). The Brainweb:
Phase synchronisation and large-scale integration. Nature Reviews Neuroscience, 2,
229–239.

von Stein, A., and Sarnthein, J. (2000). Different frequencies for different scales of
cortical integration: From local gamma to long-range alpha/theta synchronisation.
International Journal of Psychophysiology, 38, 301–313.

Weiss, S., and Mueller, H. (2003). The contribution of EEG coherence to the inves-
tigation of language. Brain and Language, 85, 325–343.

262 Gina Rippon



Imaging Genetics

Venkata S. Mattay, Andreas Meyer-Lindenberg, and Daniel R. Weinberger

Imaging genetics, the application of imaging techniques to the identifica-
tion of genetic effects on neurophysiology, neurochemistry, and brain mor-
phology, is an emerging and promising area of research that could aid in
better characterizing the influence of genes on cognition and behavior, as
well as the link between genetic susceptibility and neuropsychiatric disor-
ders. This chapter (1) describes the theoretical basis and potential of this
novel approach; (2) puts forward some guidelines and principles for its exe-
cution and development; (3) reviews recent studies that highlight these prin-
ciples; and (4) outlines the advantages of imaging genetics over more
traditional approaches, such as neuropsychological batteries and personal-
ity inventories. (For reviews of some of the concepts and studies highlighted
in this chapter, see Hariri and Weinberger, 2003b; Mattay and Goldberg,
2004.)

Development

Scientists and philosophers alike have debated for years about the role of
“nature versus nurture” in human cognition, emotion, and behavior. It is
now well accepted that both genes and environmental factors contribute to
individual differences in brain function and behavior (Krubitzer and Kahn,
2003). Converging evidence also indicates that susceptibility to neuropsy-
chiatric disorders appears to be heritable and that genes appear to be the
only consistent risk factors that have been identified across populations
(Moldin and Gottesman, 1997). With the recent completion of the working
draft of the human genome sequence, researchers can now explore which
of the numerous genes expressed in the brain specifically affect cognition,
emotion, and behavior, and to what degree. Results from quantitative
genetic research in family, twin, and adoption studies lend support to the
conclusion that genes not only transmit susceptibility to neuropsychiatric
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disorders, but also contribute to individual variation in many aspects of
cognition, temperament, and personality.

The “candidate gene association approach,” or genetic association
method, has been a particularly popular strategy for identifying genes
involved in mental disorders. In contrast to linkage analysis, which focuses
on the position of a tested marker, the genetic association method tests
whether a given genetic variant (e.g., a particular allele of a marker or a
mutation, specific genotype, or haplotype) is enriched or statistically asso-
ciated with affected versus unaffected individuals. In other words, the
genetic association method explores the relationship between genetic vari-
ants and trait differences in a general population. Typically, the method first
identifies a biological aspect of a particular disease or condition and a given
genetic variant thought to impact on that aspect, or candidate biological
process, then explores whether the given genetic variant is enriched in pop-
ulations having the designated phenotype. A statistically significant increase
in frequency of the genetic variant in the selected population is deemed evi-
dence of genetic association. Although the finding of such an association
may indicate that the genetic variant is the causative factor for the partic-
ular phenotype, it may be spurious because of methodological or popula-
tion artifacts, or it may, in fact, indicate a linkage to other genetic variants
that are the true causative alleles. These are important caveats to the design
and interpretation of genetic association studies in general, resulting from
studies of ancestral stratification in sampled populations and of linkage dis-
equilibrium with other loci. (For a review of these and other particulars of
genetic methodology beyond the scope of this chapter, see Emahazion et al.,
2001.)

Imaging genetics is a form of genetic association analysis in which the
phenotype is a measure of brain structure (volume), chemistry, or function
(physiological response of the brain during information processing), rather
than a disease, symptom complex, or behavior. Imaging genetics is based
on the assumption that brain structure, chemistry, and function are closer
to gene function than trait differences in overt behavior. Technological
advances in brain-imaging techniques over the last decade now allow us to
measure brain volume and to assay brain function and chemistry noninva-
sively, with reasonably high spatial and temporal resolution. These tech-
niques can be roughly divided into (1) those which measure regional brain
activity through neurophysiological imaging and recording: blood oxy-
genation level–dependent functional magnetic resonance imaging (BOLD
fMRI), positron-emission tomography (PET), magnetoencephalography
(MEG), and electroencephalography (EEG); and (2) those which measure
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the expression and function of specific brain proteins and metabolites
through neurochemical imaging: magnetic resonance spectroscopic 
imaging (MRS), single-photon emission computerized tomography
(SPECT), and, again, PET. Thanks to recent technological advances, 
superior spatial resolution in magnetic resonance imaging enables us to
measure individual differences in neuroanatomy, in particular, gray and
white matter volumes with voxel-based morphometry (VBM—a sophisti-
cated, fully automated morphological imaging technique; Ashburner and
Friston, 2000; Good et al., 2001) and the direction and integrity of white
matter tracts with diffusion-tensor imaging (DTI; Moseley, Bammer and
Illes, 2002).

Principles

Selection of Genes to Study

Ideally, the application of neuroimaging techniques to the study of genetic
effects in the living brain should start from well-defined functional poly-
morphisms in genes such as COMT, BDNF, and SERT (illustrated below),
whose impact has been demonstrated at the level of cell physiology and bio-
chemistry in anatomically specific brain regions and circuits. In the absence
of clearly well defined functional polymorphisms, other potential starting
points for imaging genetics include candidate genes with identified single-
nucleotide polymorphisms (SNPs) or other allele variants in coding or pro-
moter regions with possible functional implications (e.g., nonconservative
amino acid substitution or missense mutation in a promoter consensus
sequence) that involve discrete neuroanatomical systems. However, when
investigating genetic variations with unknown function, it is crucial to exer-
cise caution in the interpretation of differential brain responses or observed
changes in brain structure or chemistry.

Task Selection and Design

The interpretation of a potential gene effect at the level of information pro-
cessing is critically dependent on task selection and design. Task design can
test specific hypotheses about the functions of a particular gene in the brain,
for example, COMT and working memory during an N-back paradigm, or
it can be used in a data-mining approach to explore gene effects in an athe-
oretical context—although, as we will see, the latter situation may involve
no prior probability of an effect and will require more stringent statistical
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control for false discovery. Another important requirement in the selection
of imaging genetics paradigms is that they reliably engage discrete brain cir-
cuits and elicit robust signals with variance across subjects. Association of
variation in genetic sequence with variation in phenotype requires that the
phenotype be variable across subjects. For this reason, it may be beneficial
to choose traditional block-designed paradigms that have high efficacy and
sensitivity in detecting sustained signal differences associated with different
tasks (Birn, Cox, and Bandettini, 2002). Once the effects of genes on spe-
cific brain regions have been identified, event-related fMRI designs that
allow the study of independent events and subprocesses in the information-
processing stream might be considered. An alternate approach would be to
use mixed “blocked and event-related” paradigms that incorporate the fea-
tures and advantages of both designs (Laurienti, Burdette, and Maldojian,
2003).

Matching for Systematic Nongenetic Differences

The effects of an individual gene on brain morphology, chemistry, and func-
tion, though possibly more substantial than on behavior, are still expected
to be very small. It is therefore critical to control for systematic nongenetic
differences between genotype groups that could also have an impact on the
phenotype, that is, the imaging data. Relevant nongenetic variables include
gender, age, IQ, education, and environmental factors such as illness, injury,
substance abuse, and central nervous system disorders. Moreover, because
genetic background at other loci in the genome can give rise to effects not
related to the candidate gene, and to preclude stratification artifacts related
to ethnicity, it is essential to control for ethnic variability across genotype
groups, as traditionally done in case-control association studies. Finally,
since imaging response goes hand in hand with task performance, and since
systematic differences in performance between genotype groups could mask
a true gene effect or be mistaken for one, it is important to control for task
performance either by matching for performance across genotype groups
or by using performance scores as covariates in the analysis. This final point
merits further comment. In principle, genes that affect brain structure or
function may show these effects in carefully crafted neuroimaging para-
digms, provided the effect size is sufficient. Changes in such brain pheno-
types may also impact on behavior, again if the effect size is great enough
and if compensation at the behavioral level is insufficient. Thus correcting
for behavior may be seen as controlling for the gene effect itself. We main-
tain that such correction is a necessary step in the validation process implicit
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in imaging genetics, which, by identifying gene effects at the level of brain
that cannot be attributed to behavioral artifacts, has the unique potential
to validate gene effects in the living brain.

Maintaining High Methodological Standards

To improve sensitivity of imaging and recording techniques in detecting
subtle differences, as when comparing patients to healthy controls or when
comparing data within subjects over time to assess drug effects, it is
common practice now to maintain high standards of quality control. This
practice should also be scrupulously observed in imaging genetics, and
requires that (1) data with excessive image or motion artifacts be excluded;
(2) measures of variance and signal to noise in image data be comparable
across individuals; and (3) quality control procedures be routinely per-
formed to ensure optimal performance of the scanner.

Statistical Issues

The application of brain imaging and recording to genetics presents several
unique and, as yet, only partially answered challenges to the statistical eval-
uation of the resulting data. Typically, the data set for a neuroimaging
experiment comprises a large number (on the order of several thousand to
tens of thousands) of data points acquired sequentially over a time course
of several minutes with a sampling rate that varies from milliseconds when
using MEG to several minutes when using PET and SPECT. To assess
genetic variation, the results from such imaging experiments must first be
summarized appropriately for each subject, often by producing a “statisti-
cal parametric map” or some other derived measure with known statistical
properties. These within-subject statistical maps are then assessed across
subjects and related to genotype or haplotype, often taking into account
other possible confounding variables such as age, gender, ethnicity, or per-
formance. This second step is exclusively driven by between-subjects vari-
ance. Such an analysis is commonly called a “random effects analysis” in
the neuroimaging community (although the two steps can also be performed
simultaneously in a “mixed effects model,” for both conceptual and prac-
tical reasons, they are more often performed sequentially, as described;
Frackowiak, 2004). Whereas functional neuroimaging studies with a cog-
nitive neuroscience orientation and small numbers of subjects may still dis-
regard the distinction between within-subject and between-subjects sources
of variance, it is essential that imaging genetics studies strictly observe this
distinction.
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As exemplified by the work discussed in detail below, neuroimaging
provides access to an intermediate level of phenotypic expression, where
the effects of genes become markedly more pronounced than at the level of
behavior and diagnosis. Nevertheless, because brain functions are highly
interdependent and dynamic, a risk gene variant will only rarely become
the major determinant of regional neural processing, and because the effect
of genotype on brain functions is expected to remain moderate, imaging
genetics must carefully consider questions of sample size and experimental
power. Although most imaging genetics studies published thus far report
significant effects in groups of from 20 to 40 subjects, many of their results
have not yet been replicated. Moreover, a publication bias against negative
results is likely in this newly developing field, and recent data indicate that
even for the same genetic mechanism the effect size can vary widely depend-
ing on which imaging target measure (structural variation, functional 
activation, or functional connections) is examined. We therefore think it
premature to present a formal estimation of the experimental power of
imaging genetics in this review, although this remains an important task
that should be tackled within the next two years. Rather, we will draw
attention to several important issues that arise in the setting where genetic
effects of moderate size are investigated in sample sizes that are compara-
tively large (compared, that is, to the more cognitively oriented studies that
dominate the field of neuroimaging as a whole).

A critical question in this context is that of multiple comparison cor-
rection (Frackowiak, 2004). Neuroimaging data, as described, often assess
effects at many thousands of locations. At commonly used levels of statis-
tical significance, say 5 percent, the large number of tests performed results
in an high number of “significant” test results. This raises the problem of
adequately suppressing spurious results while remaining sensitive to true
experimental variation (Nichols and Hayasaka, 2003). In imaging genetics,
how best to do this largely depends on what is known beforehand about
the genetic variation under study, and on which neuroimaging paradigm is
chosen. For example, if the known data on gene biology do not usefully
constrain hypotheses about where brain function should be affected, or if
the neuroimaging paradigm chosen is data driven and hypothesis free (e.g.,
an independent component analysis of an imaging data set), researchers
must control for false positives across all brain locations studied. One of
the best methods to control error in this situation may be to combine cor-
rections derived from Gaussian random field theory (Frackowiak, 2004)
with the recently proposed false discovery rate (FDR) approaches 
(Genovese, Lazar, and Nichols, 2002) whereby only a specified proportion
of the identified positives are considered false positives.
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On the other hand, if information on the neurobiological effects of
the gene studied or on population variability in the neuroimaging measure
employed is available, incorporating it into the analysis will result in a con-
siderable increase in statistical power. If a gene is known to be differentially
expressed in a given brain region or to specifically affect this region’s func-
tion, statistical inference can be restricted to this region, for example, using
a masking or small-volume correction approach. If the number of subjects
studied with a given paradigm is large enough, the population variability
at any given location in the brain using this paradigm can be directly
assessed and used for statistical inference. This obviates the need for
assumptions of normality and other distributional features required when
performing statistics on a small number of probands. We envision that such
an approach, combined with bootstrapping (Bullmore et al., 2000) or per-
mutation approaches if necessary to provide large enough sample volumes
(Nichols and Holmes, 2002), will help imaging genetics studies define
regionally optimal cutoffs for significance testing, especially studies using
data-driven or otherwise hypothetically unconstrained methods.

These last two issues could be usefully combined in a Bayesian
approach to imaging genetics. Unlike traditional inferential statistics, Bayes’
theorem formalizes the fact that each new experiment modifies our prior
knowledge, resulting in a new (posterior) state of knowledge (Friston et al.,
2002). Applied to imaging genetics, the effect of a finding of significant dif-
ference between genotypes will depend on our prior information. Thus, if
we know beforehand that the gene has an effect in a particular brain region,
and that the imaging experiment we employ reliably activates that region,
we will be inclined to accept a moderate result there as a true positive. Con-
versely, we will be reluctant to accept even a strong result in a region if we
know beforehand that the gene is not expressed there, or is not affected by
the task. A lack of any prior knowledge, as when a randomly selected single-
nucleotide polymorphism is evaluated using a totally data-driven imaging
method, would fall in between these extremes. Bayes’ theorem formalizes
these considerations and allows for the principled incorporation of differ-
ent kinds of information relevant to imaging genetics. Information both
about regional differences in gene action and about the population distri-
bution of experimental effects can be included as a priori constraints into
the statistical machinery (Woolrich et al., 2004). Moreover, the Bayesian
approach shows promise for the statistically principled assessment of con-
vergent evidence: as detailed below, several studies have shown regional
gene effects across imaging modalities—fMRI, MRSI, and structural
imaging—and behavior; the intuitively obvious fact that such convergent
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evidence strengthens the case for the functional relevance of the genetic 
variation studied can be formally evaluated using Bayesian statistics.
Approaches to perform these analyses in a computationally tractable way
are being developed (Woolrich et al., 2004).

The next section presents examples of how applying the principles of
imaging genetics can lead to novel insights into biological mechanisms
underlying complex behavioral traits and susceptibility to neuropsychiatric
disorders.

Innovation

All of the studies described below employed neuroimaging techniques to
identify the effects of functional genetic polymorphisms at the systems level.
All chose genetic polymorphisms that had been previously associated with
alterations at the molecular and cellular level and with specific behaviors
or disease states. Some targeted genes with clearly defined functional poly-
morphisms associated with specific physiological effects in distinct brain cir-
cuits at the cellular level (e.g., COMT, 5-HTT, and BDNF, discussed below),
whereas other studies, in the absence of detailed functional variants, tar-
geted genes with identified single nucleotide polymorphisms (SNPs) or
allelic variants with likely functional polymorphisms that involve circum-
scribed neuroanatomical systems (e.g., MAO A, D4, APOE4, GRM3, also
discussed below).

Imaging the Influence of Genes That Affect Catecholaminergic Signaling
in the Brain

Converging evidence indicates that dopamine, a critical neurotransmitter
related to reinforcement and reward, also plays an important role in focus-
ing and stabilizing prefrontal cortical networks by modulating N-methyl-
d-aspartate (NMDA) signals, non-NMDA glutamate signals, and
GABAergic currents (Gonzalez-Burgos et al., 2002; Seamans et al., 2001).
Evidence also indicates an inverted “U” relationship in the impact of
dopamine signaling: whereas either excessive or insufficient dopaminergic
activity in the prefrontal cortex impairs cognition, moderate activity results
in optimal prefrontal function. These basic findings have stimulated a series
of imaging genetics studies of genes that affect dopamine function in the
prefrontal cortex (Goldman-Rakic et al., 2000). Recent evidence suggests
that catechol-O-methyl transferase (COMT), an enzyme that inactivates
released dopamine via enzymatic conversion to 3-methoxytyramine, may
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play a unique role in regulating dopamine flux in the prefrontal cortex,
because of the low abundance and minimal role of dopamine transporters
in this brain region (Moron et al., 2002; Lewis et al., 2001; Mazei et al.,
2002). In humans, a functional polymorphism in the gene for COMT has
been identified: an evolutionarily recent substitution of methionine (met)
for valine (val) at codon 108/158 results in a thermolabile protein with 2–4
times lower activity (Mannisto and Kaakkola, 1999). Consistent with this
functional polymorphism in the COMT gene and with the evidence that
COMT is important in the prefrontal cortex dopamine flux, Egan et al.
(2001) demonstrated that met allele carriers had superior performance on
an executive cognition task; using fMRI during a working memory task,
they found that subjects with the val allele consistently demonstrated a less
efficient physiological response in the prefrontal cortex than subjects with
the met allele for a fixed level of task performance (i.e., greater PFC activ-
ity). Moreover, using a family-based association analysis, they found a sig-
nificant increase in transmission of the val allele to schizophrenic offspring.
Egan and colleagues concluded that, because it increases prefrontal
dopamine catabolism, the COMT val allele impairs prefrontal cognition
and physiology, slightly increasing the risk of schizophrenia through this
mechanism. This effect of COMT val-met genotype on prefrontal cognition
has since been replicated by others (Malhotra et al., 2002; Joober et al.,
2002; Goldberg et al., 2003).

Recent imaging studies also reveal that the more efficient working
memory and frontal lobe information processing associated with the met
allele may come at a price, such as adverse response to stimulants like
amphetamine and heightened sensitivity to pain (Mattay et al., 2003;
Zubieta et al., 2003). Using a double-blind crossover design to compare the
effects of amphetamine and placebo, Mattay et al. (2003) monitored activ-
ity in the prefrontal cortex with BOLD fMRI while healthy subjects per-
formed a version of the N-back working memory task. Regardless of the
difficulty of the task, individuals homozygous for the val allele showed a
more efficient frontal lobe response on amphetamine, that is, they showed
a more focused PFC activation pattern on amphetamine relative to placebo
while maintaining the same level of performance. In contrast, in individu-
als homozygous for the met allele, the efficiency of PFC response as well as
accuracy and reaction time diminished significantly relative to the placebo
condition at the most difficult task level, suggesting that information pro-
cessing in these individuals was compromised. Mattay and colleagues inter-
preted these results to indicate that the combined effects of amphetamine
and high working memory load “pushed” dopamine levels in these 
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individuals beyond the optimal range on the inverted “U” via activation of
inhibitory mechanisms, including inactivation of N-type Ca 2+ channels
(Yang and Seamans, 1996), activation of GABAergic interneurons (Seamans
et al., 2000), and pre- and postsynaptic reduction of glutamate-mediated
synaptic responses (Law-Tho, Hirsch, and Crepel, 1994). Providing further
evidence of an inverted “U” functional response curve to increasing
dopamine signaling in prefrontal cortex, these findings also suggest that
individuals with the met158met COMT genotype, though more efficient
than the val carriers in PFC function under baseline conditions, appear to
be at increased risk of an adverse cognitive response to amphetamine (figure
11.1, plate 6).

Using PET µ-opioid imaging with 11C-carfentanil in concert with ques-
tionnaires measuring pain-related sensory and affective qualities (to link
subjects’ neurochemical response with their physical and psychological
experience of painful stimuli), Zubieta et al. (2003) implicated another neg-
ative aspect of the met allele. They examined the hypothesis that the dif-
ferent levels of COMT activity produced by val-met polymorphism may
have an influence on other functions regulated by catecholamines, includ-
ing the µ-opioid system responses to noxious stimuli. They found that, in
contrast to heterozygous individuals, individuals homozygous for the met
allele showed a diminished µ-opioid response in the thalamus and amyg-
dala, together with higher sensory and affective ratings of pain and a neg-
ative internal state. Individuals homozygous for the val allele, on the other
hand, showed the opposite response. Zubieta and colleagues interpreted

272 V. S. Mattay, A. Meyer-Lindenberg, and D. R. Weinberger

Figure 11.1
(continued) 
push PFC dopamine levels in these individuals beyond the critical threshold at which
compensation can be made. (B) Schema of our proposed theoretical model to
account for variable effects of the COMT genotype, WM load, and amphetamine
on dopamine signaling and PFC function. According to this model, at baseline, indi-
viduals homozygous for the val allele (who have relatively poorer prefrontal func-
tion, greater COMT activity, and presumably less dopaminergic tone) are located
on the up slope the inverted “U” curve of the normal range, whereas individuals
homozygous for the met allele are located near the peak. In val/val homozygous
individuals, amphetamine improves PFC function as dopamine signaling is shifted
to more optimal levels at all load conditions. By contrast, in met/met homozygous
individuals, amphetamine shifts dopamine levels onto the down slope of the curve,
which has no effect or a deleterious effect depending on the magnitude of additional
changes in dopamine levels associated with increasing processing demands. These
data extend basic evidence of an inverted “U” functional response curve to increas-
ing DA signaling in PFC. See plate 4 for color version.
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Figure 11.1
(A) Mattay et al. (2003), using BOLD fMRI, demonstrate a complex drug × COMT
genotype interaction in the left prefrontal cortex (PFC) during the N-Back working
memory task. While subjects homozygous for the val allele (solid line) showed a
more efficient PFC response on amphetamine (i.e., greater PFC activity on placebo
than on amphetamine) irrespective of task difficulty, subjects homozygous for the
met allele (broken line) became inefficient on amphetamine at the highest working
memory demand (i.e., they show more PFC activity on amphetamine than on
placebo during the 3-Back working memory (WM) task). This paradoxical decrease
in efficiency on the 3-Back task in the met/met homozygous subjects was associated
with a significant decrement in performance (decreased accuracy and increased reac-
tion time). We suggest that the combined effects of amphetamine and high WM load



these results as evidence that (1) the COMT val-met polymorphism confers
a variable response to pain across individuals via a downstream effect on
regional µ-opioid transmission through interactions with dopaminergic 
or noradrenergic terminals; and (2) the “efficient” (met) allele confers a
lower threshold for pain tolerance (although they did not specify the mech-
anism of this lower tolerance). It remains to be determined whether the met
allele effect is related to pain threshold because of catecholeamine regula-
tion of the opiate system or because met allele individuals are tempera-
mentally less compliant with experimental procedures that inflict pain.
Other data suggest that met allele carriers are more anxiety prone and have
more obsessive-compulsive characteristics (for a review, see Bilder et al.,
2004).

Dopamine, along with norepinephrine, has also been implicated in
attentional processes. Fan et al. (2003) tested the hypothesis that polymor-
phisms linked with variability in aminergic signaling may explain the vari-
ation in cortical efficiency in managing incongruent or conflicting stimuli
across individuals. Using BOLD fMRI, they demonstrated an effect of a
polymorphism in the D4 receptor gene (an insertion/deletion polymorphism
in the 5′ region with unknown functional effects) and a polymorphism in
the promoter region of the monoamine oxidase A (MAO A) gene (linked
with relatively lower expression of the MAO A gene and presumably greater
catecholeamine levels) on the response of the anterior cingulate, a region
thought to be critical for conflict monitoring or conflict resolution in cor-
tical information processing. More efficient behavior, reflected in shorter
reaction time, was associated with greater cingulate activation. The 
insertion class group in the D4 polymorphism and 4-repeat group in the
MAO A polymorphism, demonstrated less conflict (in terms of the reaction
time ratio) and greater cingulate activity when compared to the deletion
class group in the D4 polymorphism and the 3-repeat group in the 
MAO A polymorphism. Fan and colleagues concluded that greater regional
activity implies greater cortical efficiency, although, with respect to the
MAO A polymorphism, the finding was presumably related to lower
dopaminergic/noradrenergic signaling. Other neuroimaging studies,
whether on effects of the COMT val158met polymorphism (see above;
Egan et al., 2001; Mattay et al., 2003) in healthy elderly controls (e.g.,
Rypma and D’Esposito, 2000), or in patients with Park̀inson’s disease (e.g.,
Mattay et al., 2002), have shown that increased cortical activity can be
associated with prolonged reaction time, a finding attributed to cortical
inefficiency, at least in part to decreased dopaminergic tone. It should be
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noted, however, that these later studies examined prefrontal cortex in the
context of working memory performance and, more specifically, dopamine
activity.

Imaging the Influence of Genes that Affect Serotoninergic Signaling in the
Brain

The amygdala plays an important role in the generation and regulation of
emotional behavior, and several lines of evidence suggest that serotonin is
critical for this function (for review, see Hariri and Weinberger, 2003a). A
polymorphism in the promoter region of the serotonin transporter gene (5-
HTTLPR) has been linked to alterations in 5-HTT transcription and in 5-
HT uptake. Individuals homozygous for the long (l) promoter allelic variant
express more serotonin transporter messenger RNA (mRNA) and thereby
have greater serotonin synaptic uptake than individuals homozygous for the
short (s) promoter allelic variant, who have relatively lower expression of
the transporter and thereby relatively greater synaptic serotonin levels.
Behavioral studies have suggested a relationship between the less efficient s
allele, on the one hand, and abnormal levels of anxiety and fear and the
increased prevalence of affective disorders, on the other. Their findings have
not been consistent, however, possibly reflecting the vagueness and subjec-
tivity of the behavioral measurements (Deary et al., 1999; Ball et al., 1997;
Ebstein et al., 1997; Katsuragi et al., 1999; Jacobsen et al., 2000). Pro-
ceeding from the premise that the response within the amygdala might be
more reliably measurable than behavior, and using BOLD fMRI, Hariri et
al. (2002) demonstrated that subjects carrying the less efficient s allele had
an exaggerated amygdala response to fearful stimuli compared to those
homozygous for the l allele. Based on their findings, they concluded that
the increased anxiety and fear associated with individuals possessing the s
allele may reflect the hyperresponsiveness of the amygdala to environmen-
tal stimuli. More recently, Hariri et al. (2005) confirmed this finding in a
larger cohort of healthy controls (n = 92) carefully screened for past and
present medical or psychiatric illness (figure 11.2, plate 7). In this study,
they also observed that the dominant short allele effect was as prominent
in men as it was in women, and that neither 5-HTTLPR genotype, amyg-
dala reactivity, nor genotype-driven variability in this reactivity was
reflected in harm avoidance scores, a putative personality measure related
to trait anxiety. Studies such as this promise to provide valuable insights
into the neurobiological mechanisms of abnormal mood and affect associ-
ated with variation in 5-HT signaling.
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Figure 11.2
Hariri et al. (2005), using BOLD fMRI, demonstrate 5-HTTLPR effects on amyg-
dala reactivity to environmental threat. Individuals homozygous for the s allele (s
carriers) of the serotonin transporter gene, who presumably have greater synaptic
serotonin levels, exhibit greater amygdala neuronal activity during the perceptual
processing of fearful and threatening facial expressions than individuals homozy-
gous for the l allele, who presumably have lower synaptic serotonin levels. This
genetically driven differential excitability of the amygdala may contribute to the
increased fear and anxiety typically associated with the s allele. See plate 7 for color
version.



The mechanism of the effect of the 5-HTTLPR polymorphism 
remains a matter of some controversy. Although in vitro studies in lym-
phoblast cell lines (Lesch et al., 1996; Collier et al., 1996) have shown that
the promoter activity of the 5-HTT gene is dependent on 5-HTTLPR allelic
variants. (the transcriptional activity of the l allele was more than two times
that of the s allele), findings from studies in human tissue are less consis-
tent. In perhaps the first “imaging genetics” study, Heinz et al. (2000) used
single-photon emission computerized tomography (SPECT) imaging to
measure serotonin reuptake transporter (SERT) binding to a radioligand
123I-B-CIT in vivo in the human brain. Their findings were remarkably
similar to what in vitro studies had reported, although subsequent reports
(Willeit et al., 2001; Heinz et al., 2000; Jacobsen et al., 2000) have been
inconsistent. Findings on SERT expression in postmortem human brain
tissue as a function of 5-HTTLPR genotype also have been inconsistent (for
review, see Hariri and Weinberger, 2003a). Given the positive results of in
vitro studies (Lesch et al., 1996; Collier et al., 1996) and human fMRI
studies (Hariri et al., 2002) showing a functional effect of this polymor-
phism, further studies are warranted to reliably characterize the association
between the serotonin transporter–linked polymorphisms and 5-HTT
binding.

Imaging the Influence of Brain-Derived Neurotrophic Factor

Studies in slice preparations and in experimental animals (see Poo, 2001)
have shown that brain-derived neurotrophic factor (BDNF), a critical
protein involved in neuronal survival and synaptic growth and plasticity,
also plays a critical role in hippocampal long-term potentiation associated
with learning and memory. There is a frequent polymorphism resulting in
a nonconservative val to met substitution at codon 66 in the human BDNF
gene, and recently Egan et al. (2003) have elaborated its effect on BNDF
function. They showed in transfected neuronal culture that met alleles are
abnormally packaged and trafficked and that their secretion is abnormally
regulated. This would suggest that met BDNF would function relatively
abnormally in conditions where neuroplasticity was critical for expression
of a phenotype. Finding that BDNF affects hippocampal learning and
memory and long-term potentiation (LTP), Egan and colleagues further
showed that normal met/met homozygous individuals performed less well
on episodic memory tasks than did val/val homozygous individuals. Using
magnetic resonance spectroscopic imaging (MRSI) to address the mecha-
nism at the neural system level, they found that the met allele is associated
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with relatively lower levels of N-acetyl aspartate (NAA), a putative marker
of neuronal integrity and synaptic abundance, in the hippocampus. When
they used fMRI to measure hippocampal activity during a working 
memory task, which normally leads to relative disengagement of the hip-
pocampus, they found that met carriers failed to show this response. To
directly explore the impact of the BDNF polymorphism on memory-related
hippocampal activity, Hariri et al. (2003) used BOLD fMRI to measure such
activity during encoding and subsequent retrieval of complex, novel scenes
by healthy human subjects. They found that subjects homozygous for the
met allele exhibited relatively diminished hippocampal activity during both
encoding and retrieval processes, in comparison to subjects homozygous for
the val allele. Moreover, they demonstrated that the interaction between
BDNF val-met genotype and hippocampal activity (as measured by the
BOLD response) during encoding accounted for 25 percent of the total vari-
ance in recognition accuracy (figure 11.3).

In a third study, using optimized voxel-based morphometry 
(Ashburner and Friston, 2000; Good et al., 2001), Pezawas et al. (2004)
observed that healthy volunteers who were met/met homozygous (met car-
riers) had reduced gray matter volume in the hippocampus and the pre-
frontal cortex, regions related to learning and memory, in comparison to
normal subjects who were val/val homozygous (figure 11.4, plate 8)—a
finding consistent with the cellular and clinical effects of BDNF val66met
polymorphism and the role of BDNF in cortical development. Together,
these three studies illustrate the potential of a systems-level approach using
in vitro, in vivo (brain-imaging), and behavioral measures to successfully
delineate the impact of a gene, BDNF in this case, on brain structure and
function.

Imaging the Influence of the Apolipoprotein E Allele on Brain Function

Perhaps on the basis of its role in cholesterol metabolism, apolipoprotein
E (APOE) is thought to play a role in cell maintenance and repair, includ-
ing amyloid clearance. It is now well established that the APOE4 allele is
associated with increased risk for Alzheimer’s disease in a dose-dependent
manner (Saunders et al., 1993; Corder et al., 1993). If the deposition of
beta-amyloid (assumed to be pathogenic in Alzheimer’s) is a chronic and
lifelong process that is either accelerated or not ameliorated by APOE4,
then it stands to reason that individuals with APOE4 genotypes may 
have increasingly evident cognitive abnormalities over their life spans. 
Alternatively, a threshold effect for beta amyloid’s impact on information
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Figure 11.3
Hariri et al. (2003), using BOLD fMRI, demonstrate greater hippocampal activity
during (a) encoding and (b) retrieval of (c) novel visual stimuli in subjects homozy-
gous for the val allele of the BDNF gene relative to subjects homozygous for the
met allele. Of note, this interaction between BDNF val66met genotype and the hip-
pocampal BOLD response during encoding accounted for almost 25 percent of the
variance in recognition memory performance (d).



processing (such that it becomes apparent only after it exceeds some limit)
cannot be ruled out. Functional brain-imaging studies have consistently
shown APOE4 effects in otherwise normal individuals. Early resting PET
studies (Reiman et al., 1996; Small et al., 2000) found widespread reduc-
tions in glucose metabolism in otherwise normal APOE4 carriers. Using
fMRI, Smith, Sikes, and Levin (1998) showed a reduced BOLD response in
APOE4 carriers in the inferotemporal region during fluency and object
recognition. On the other hand, Bookheimer et al. (2000) showed increased
activity in response to memory tasks in subjects carrying the epsilon4 or E4
allele compared to those without this allele, and interpreted it to reflect a
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Figure 11.4
Pezawas et al. (2004), using optimized voxel-based morphometry (VBM), demon-
strate volume differences in BDNF met carriers relative to BDNF val/carriers in the
hippocampus (A) and prefrontal cortex (B). Consistent with the role of BDNF in
cortical development and with the cellular and clinical effects of the BDNF val66met
polymorphism, met carriers have relatively reduced gray matter volume in these
brain regions. See plate 8 for color version.



compensatory response via the recruitment of additional cognitive resources
in the face of greater task demands. More recently, Petrella et al. (2002)
and Burggren et al. (2002) replicated this phenomenon of compensatory
increased activity in other brain circuits as well. Using BOLD fMRI during
a working memory task in healthy, nondemented elderly individuals,
Petrella et al. (2002) demonstrated greater extent and magnitude of acti-
vation in the prefrontal cortex in the E4 carriers relative to the E3 carriers.
Burggren et al. (2002), on the other hand, examined whether these differ-
ences were specific to memory tasks only or could be generalized to any
difficult cognitive task. Using fMRI and a modified digit-span task with
varying difficulty in carriers and noncarriers of the APOE4 allele, they
reported no significant difference in activation patterns at the most difficult
task level and suggested that additional cognitive effort in persons at genetic
risk for Alzheimer’s disease is specific to episodic encoding and is not a
reflection of task difficulty per se. Most importantly, Bookheimer et al.
(2000) also demonstrated that greater baseline brain activation correlated
with subsequent verbal memory decline. When “decline” begins is a key
issue, though a study by Reiman et al. (1996) indicates that it may
be discernible in individuals from 20 to 40 years old on FDG (18F-
fluorodeoxyglucose) PET.

Given that APOE4 confers increased susceptibility to age-related
memory problems and that cholinergic system abnormalities are associated
with memory problems in the elderly and Alzheimer’s patients, Cohen et
al. (2003) used 18F-FP-TZTP (18F-labeled-muscarinic-2 selective agonist) to
directly measure the effect of APOE4 on the muscarinic component of the
cholinergic system. They found increased distribution volumes of the tracer
in APOE4 carrying older individuals relative to the noncarriers and this cor-
related inversely with cerebral blood flow. Cohen and colleagues interpret
this finding to reflect an increase in the number of unoccupied muscarinic-
2 receptors most likely from lower synaptic acetylcholine concentration in
the APOE4 carriers. Taken together, these data from these functional neu-
roimaging studies support the notion that the effects of APOE4 allele can
be discerned well before clinical presentation of disease and that elderly
subjects with this allele are possibly more susceptible to future cognitive
decline.

Recent advances in radiolabeling of amyloid proteins show promise
for in vivo mapping of amyloid plaque density and neurofibrillary tangles
in the human brain (Shoghi-Jadid et al., 2002; Small et al., 2002). Specifi-
cally, Shoghi-Jadid et al. (2002) reported that greater accumulation and
clearance in brain areas rich in amyloid plaque and neurofibrillary tangle

281 Imaging Genetics



correlated with lower performance scores not only in Alzheimer’s patients
but also in controls. When combined with genetic information these in vivo
techniques have the potential to elucidate the relationship between APOE4
allele load affect, amyloid plaque and neurofibrillary tangle density, and
susceptibility to future cognitive decline and Alzheimer’s disease.

Imaging the Influence of Metabotropic Glutamate Receptor Gene

Glutamate receptor, metabotropic 3 (GRM3) is responsible for multiple
regulatory aspects of synaptic glutamate concentrations. Since glutamater-
gic abnormalities have been observed to play a critical role in the patho-
physiology of schizophrenia, GRM3 is a promising candidate gene for
schizophrenia. Using a family-based analysis, Egan et al. (2004) reported
that a common GRM3 haplotype was strongly associated with schizo-
phrenia. They observed that, within this haplotype, the A allele of the
intronic single-nucleoticle polymorphism (SNP) hCV11245618 was associ-
ated with a significant increase in transmissions to schizophrenic offspring,
and with poorer performance on cognitive intermediate phenotypes involv-
ing prefrontal and hippocampal function. Using fMRI, Egan and colleagues
also observed that the physiological responses to cognitive processing in
both these brain regions showed relatively deleterious effects of the SNP4
A allele. In particular, they observed that this allele was associated with a
relatively exaggerated response in the prefrontal cortex during a working
memory task suggestive of PFC inefficiency (figure 11.5A). In addition,
during the encoding phase of an episodic memory task, they observed
decreased activation in the hippocampus (figure 11.5B). Emerging in studies
of normal volunteers, these observations were neither artifacts of psychi-
atric illness nor environmental confounders. Given the presumed positive
relationship of hippocampal activation during declarative memory encod-
ing and the improved performance during retrieval, Egan and colleagues
concluded that this response reflects a deleterious effect of the A allele or
of a nearby variation that was in linkage disequilbrium with the single-
nucleotide polymorphism under study. Using MRSI, they observed that this
allele also predicted lower prefrontal N-acetyl aspartate (NAA), an in vivo
MRI measure of tissue glutamate. In an attempt to explore the cellular
mechanisms underlying the above effects, they also measured both GRM3
mRNA and protein levels, as well as the regulation by GRM3 of down-
stream genes such as the glial glutamate transporter (a critical synaptic 
regulatory protein that regulates synaptic glutamate concentrations) in 
postmortem human prefrontal cortical brain tissue. They found that the
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(a)

(b)

Figure 11.5
Egan et al. (2004), using BOLD fMRI in healthy controls, demonstrate the delete-
rious effects of the A allele of SNP hCV11245618 in GRM3 on prefrontal and hip-
pocampal physiological responses. (A) Subjects with the A/A genotype showed
higher DLPFC activation during a working memory task relative to a combined
group of subjects with the A/G and G/G genotypes. (B) On the other hand, subjects
with the A/A genotype showed reduced activation during an episodic memory task
relative to subjects with the A/G and G/G genotypes. Further, using MRSI, Egan
and colleagues observed that the A allele also predicted lower prefrontal NAA, an
in vivo MRI measure of tissue glutamate. These data suggest that the A allele of
GRM3 genotype, presumably by altering GRM3 expression, affects prefrontal 
and hippocampal physiological responses via downstream effects on glutamate 
neurotransmission.



same A allele was associated with a trend toward lower GRM3 mRNA
expression, lower protein levels, assayed with a GRM2/3 antibody, and a
strong effect on lower mRNA levels of the glial transporter. Based on these
converging data, Egan and colleagues proposed that GRM3 variation prob-
ably increases risk for schizophrenia by altering GRM3 expression, which,
via downstream effects on glutamate neurotransmission, affects prefrontal
and hippocampal physiological responses as well as cognition.

Integration

The advantage of imaging genetics over traditional strategies for pheno-
typing brain function based on neuropsychological tests and personality
inventories is that it allows researchers to more directly measure the impact
of the gene at the level of information processing and neurochemistry within
discrete brain regions and networks in the context of specific informational
load. In contrast, the more complex traditional behavioral measures and
test scores can be affected by factors such as the use of alternate task strate-
gies, level of cooperation, and so on that can mask potential gene effects
on the underlying neural substrates meant to be engaged by the tests. Genes
encode for simple molecules within cells, which impact on the molecular
processing of cellular information; they do not encode for behavior. Varia-
tions in cell processing lead to variation in the development and plasticity
of neuronal networks, which handle complex environmental stimuli and
information. Imaging genetics attempts to characterize gene effects at the
level of the neuronal circuitry, and is thus closer to the biologic effect of
genetic variation, at least in comparison to the emergent behavioral prop-
erties of functional variation in these networks. Moreover, whole-brain
imaging allows researchers to study many individual processes, including
those most salient to a trait, whereas behavioral studies typically focus on
a single final behavioral measure, which is itself a product of multiple inter-
active processes. In particular, the superior signal detection power of func-
tional neuroimaging techniques such as fMRI and of electrophysiological
techniques such as EEG or MEG allows researchers to acquire several hun-
dreds of measurements of brain function within a single subject in a single
session. Moreover, whole-brain imaging techniques allow them to investi-
gate specific effects of genes by exploring their impact on multiple func-
tional systems (e.g., prefrontal, striatal, limbic) in each subject in a single
experimental session. These various advantages of imaging genetics strate-
gies have likely contributed to their demonstrated ability to identify signif-
icant gene effects on brain function with smaller samples than traditional
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behavioral measures (tens versus hundreds). The unique capabilities of neu-
roimaging methods place them in an excellent position among available
tools for the in vivo investigation of functional genetic variation.

Conclusion

Human cognition, behavior, and psychiatric disorders involve complex and
polygenic modes of inheritance, in which each gene is likely to have only a
small effect on variation in manifest behavior. Neuroimaging is a powerful
approach to magnifying the effect size of genetic variation at the level of
brain development and function. To date, only the effects of single genetic
polymorphisms on brain function have been explored with neuroimaging
techniques. The functional interactions between multiple gene variants and
the environment, and their collective impact on brain function, are yet to
be explored.

The striking results of some of the studies reviewed in this chapter
illustrate the potential of brain-imaging techniques to unravel the mystery
of how genetic polymorphisms both alter brain function, chemistry, and
morphology and transmit susceptibility to illness. They also underscore the
advantage of a systems-level approach—integrating genetic information
with endophenotypic information (regional neurophysiological, neuro-
chemical, and neuroanatomical data obtained through neuroimaging tech-
niques) and with phenotypic information (cognitive and behavioral data)
to successfully delineate the influence of genes on the brain.
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Magnetoencephalography

Krish D. Singh

The holy grail of functional neuroimaging methods is to provide a com-
plete spatiotemporal description of the distribution of task-related activity
within the brain. This would bridge the gap between the microscopic
domain of neuronal properties, at the level of both the single cell and the
network, and the macroscopic domain of complete human behavior. In
addition, recent theories of cognitive function suggest that the interaction
between cortical areas, and how these interactions vary over time, may play
an important role in the way information from disparate sensory modali-
ties is integrated to form a conscious, unified percept. Unfortunately, no
single imaging technique currently has the spatial and temporal accuracy
necessary to fulfill all of our requirements.

Cognitive neuroimaging has mostly emphasized the spatial localiza-
tion of brain activity and has been driven by relatively easy access to excel-
lent tools such as functional magnetic resonance imaging (fMRI), which has
good spatial resolution that is essentially uniform across the head. This has
led to a virtual explosion in the number of published studies using fMRI
to investigate cognitive function in both normal and patient populations.
However, fMRI measures an indirect hemodynamic correlate of brain func-
tion, namely, task-induced changes in the regional distribution of oxy-
genated hemoglobin, leading to several unfortunate limitations. First, the
coupling of neural activity to the hemodynamic response is not fully under-
stood and may vary across the brain. Second, depending on the relative sen-
sitivity to blood in the capillary bed and draining veins, the site of the
hemodynamic response may actually be displaced from the site of true acti-
vation. Third, and perhaps most important, because of its slowness, we
cannot use the hemodynamic response to study either the temporal sequence
of activation or its relationship to temporal measures of behavior at 
the operating speed of the brain, and thus we cannot use fMRI to study
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how interactions between cortical regions evolve from one instant to the
next.

This chapter will describe a technique known as magnetoencephalog-
raphy (MEG), which does not suffer from the limitations described above.
As we shall see, remarkable innovations in the analysis of MEG data have
placed MEG firmly in the realm of noninvasive functional neuroimaging,
alongside fMRI, although significant uncertainties remain in our ability 
to localize the cortical activity generating the MEG signal. Clearly, the 
best approach will be to combine fMRI and MEG data, taken in parallel
experiments where exactly the same experimental protocol is performed
using both techniques.

Development

MEG is the measurement of the extremely weak magnetic fields generated
by the electrical activity of a population of neurons (for reviews, see Hari
and Lounasmaa, 1989; Hämäläinen et al., 1993; Vrba and Robinson, 2001;
Hämäläinen and Hari, 2002). Magnetoencephalography in many respects
closely resembles electroencephalography (EEG; see Rippon, chapter 10 this
volume). In contrast to the neuroelectrical signals associated with EEG,
however, the neuromagnetic fields associated with MEG are so weak that
four decades of technological development were needed to achieve the
measurement sensitivity necessary for brain research with MEG. Using a
conventionally wound induction coil, David Cohen (1968) made the first
MEG recordings; these were of the human alpha rhythm, perhaps the
strongest of all electromagnetic signals from the brain. Recognizing that, to
be more generally useful, a more sensitive measurement technology was
needed, Cohen (1972) went on to demonstrate the use of superconducting
electronics for MEG measurement. All MEG systems since 1972 have been
based on the superconducting technology he pioneered. Over the interven-
ing 30 years, significant innovation has taken place both in the hardware
associated with MEG and in the algorithms used to analyze its data. The
earliest MEG systems consisted of a single magnetometer that needed to be
moved over the surface of the head in order to generate a field map. In con-
trast, modern MEG systems have 200–300 separate superconducting 
magnetometers distributed over the surface of the head, allowing one-shot
whole-head recordings. One of the most intractable problems confronting
magnetoencephalography is the localization of the cortical generators, given
the brain’s external magnetic field. Despite much effort over the last 30
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years, and despite enormous progress, this inverse problem remains essen-
tially unresolved for MEG and EEG alike; the advent of multimodal func-
tional neuroimaging represents the best hope for its eventual resolution.

Principles and Limitations

Generation of Neuromagnetic Fields

Any electrical current generates an associated magnetic field perpendicular
to the direction of the current; the strength of the field falls off with the
square of the distance from the generating current. It is fairly easy to show
that the current generated by a single neuron is far too weak to be detected
by MEG or EEG; indeed, only the locally synchronous firing of millions of
neurons—approximately 25mm2 of the cortical sheet—can generate a
measurable signal (Hämäläinen and Hari, 2002).

Neuroelectric activity in a discrete region of the cortex will be a
mixture of transient action potentials and slower synaptic potentials in the
dendrites (Nunez, 1981). It is unlikely, however, that the action potentials
themselves will give rise to a measurable magnetic field (or electrical) signal.
First, action potentials are temporally brief spikes, which are unlikely to
sum in a synchronous fashion. Second, as an action potential travels down
an axon it can be considered to be two opposing—depolarizing and repo-
larizing—current sources. These two, closely spaced current sources repre-
sent a quadripolar generator, whose magnetic field falls off very rapidly with
distance.

It is therefore more likely that the measured external magnetic field
of the brain is generated by slower postsynaptic potentials in the dendrites
of the neuronal population. However, the situation is complex and the den-
dritic processes need to be spatially aligned in order to generate a measur-
able magnetic field (figure 12.1, plate 9). For example, a population of
closed cells, in which the dendrites are randomly and uniformly distributed,
will not generate a net magnetic field because the bulk current flow is uni-
formly distributed in all directions. In contrast, the apical dendrites of
pyramidal cells are all oriented in a similar fashion, perpendicular to the
gray matter surface. If enough aligned pyramidal cells are firing synchro-
nously, they will generate a net current flow sufficiently strong to be
detected with MEG or EEG (Hämäläinen and Hari, 2002).

For any given region of the brain, the electric current associated with
neuronal activity in that region is known as the “primary current”; it is this
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Figure 12.1
Schematic showing the generation of measurable neuromagnetic fields from a syn-
chronous population of aligned dendritic processes. The bottom panel shows the
magnetic field contours that would be generated in an axial measurement array,
from a single focal neuronal source (known as a dipole), as the orientation of the
source changes. Red indicates magnetic field lines entering the head, blue indicates
field lines exiting the head. Note that for a radial source, no field is measured. See
plate 9 for color version.



direct electrical activity we are most interested in characterizing and local-
izing with EEG and MEG. However, because the brain itself is a conduct-
ing medium, secondary currents are generated, which travel from the
primary site throughout the brain. Indeed, it is these secondary currents,
leaking to the surface of the scalp from the primary neuronal generators
along variable and essentially unknown pathways, which are measured by
EEG. Although both primary and secondary currents generate associated
magnetic fields, in an approximately spherical conductor such as the head,
the magnetic fields from the secondary currents tend to cancel each other
out, rendering MEG most sensitive to the fields from the desired primary
currents.

It is worth pointing out that although several simulations studies (see
Liu, Dale, and Belliveau, 2002) appear to show that EEG and MEG have
similar accuracy of localization, or even that EEG gives more accurate local-
ization of source positions than MEG, these studies typically do not model
inaccuracies in the conductivity profile of the head. In the analysis of real
data, our values for the conductivities of the brain, skull, and scalp are likely
to be inaccurate, and the level of error indeterminate. Because of its reduced
dependence on the unknown profile, MEG is thus more robust than EEG
in real-life situations.

Some of the main criticisms of MEG have to do with its spatial sen-
sitivity to neuronal currents in the brain. There are two key criticisms in
this regard. First, because magnetic fields fall off rapidly with distance,
MEG is held to be insensitive to deep sources within the brain. Recently
published data, however, suggest that MEG can detect cortical activity from
relatively deep structures such as the hippocampus (Tesche and Karhu,
2000) or amygdala, provided sufficient signal is available compared to the
noise in the data. Second, if we assume the head is effectively spherical, then
cortical generators that are aligned in a perfectly radial pattern should gen-
erate no external measurable magnetic field. MEG’s insensitivity to radial
sources has led many to suggest that it is only sensitive to sources in the
sulcul walls, rather than in the fundus or on the gyral convexities, raising
serious questions about MEG’s utility altogether. The cortex is a complex
and convoluted structure, however; indeed, it can be argued that the pro-
portion of gray matter actually aligned radially is likely to be quite small.
In a recent simulation study, Hillebrand and Barnes (2002), showed that,
for superficial cortex, there are only relatively small regions of the gray
matter where MEG’s insensitivity to perfectly radial sources leads to its
inability to correctly localize cortical activity (figure 12.2, plate 10).
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Measurement of Neuromagnetic Fields

Because the fields are weak (10–12 tesla at best) in a hostile environment
of electromagnetic noise, measurement of the external magnetic fields asso-
ciated with the brain’s neural activity is technically challenging. Typically,
a car driving on a nearby road will generate a magnetic field that is several
orders of magnitude stronger than the neuromagnetic field. Modern build-
ings containing multiple pieces of electrical equipment are also particularly
problematical locations for MEG laboratories. Other troublesome electro-
magnetic noise sources, such as the heart, are located within the subject’s
body.

The technology at the core of all modern MEG systems is the super-
conducting quantum interference device (SQUID). Put simply, a SQUID is
a small (2–3mm) ring of superconducting material in which one or more
insulating breaks, known as “junctions,” have been made. When the
SQUID is immersed in liquid helium (4.2°K), it becomes superconducting
and a quantum mechanical tunneling current can flow across the junctions.
The current is modulated in a very sensitive fashion by the external mag-
netic field threading the loop. This makes the SQUID the most sensitive
magnetic field detector known, and it is certainly sensitive enough to
measure neuromagnetic fields.

The SQUID itself is very small and thus does not collect much in the
way of magnetic flux. Because of this, typically, larger pickup coils are used
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Figure 12.2
Simulation data showing the current dipole strength needed, at each point in the
brain, to accurately localize a source at that point, at least 70 percent of the time
(Hillebrand and Barnes, 2002). It can be seen that relatively small regions on the
crest of each gyrus are difficult to localize because of the radial nature of the cur-
rents. The figure also clearly shows that sources become increasingly difficult to
localize accurately in deeper regions of the brain. (Figure courtesy of Arjan Hille-
brand) See plate 10 for color version.



to “collect” the magnetic field over a relatively large area and, by means of
inductive coupling, funnel the measured flux into the small SQUID ring. 
All pickup coils and connecting wires need to be made of a superconduct-
ing material (usually niobium) so that the currents generated in the pickup
coils can be transported to the SQUID without any resistive losses. Once
the SQUID voltage has been formed, however, there is no further need for
superconductivity; conventional electronics can be used to further process
the signal.

Modern MEG systems (figure 12.3) measure the magnetic field at mul-
tiple locations over the whole of the head. It is desirable to measure the
field with as high a sampling density as possible, with the newest genera-
tion of scanners containing 275–300 separate SQUID detectors. All these
detectors and their associated pickup coils have to be housed in a single
liquid helium dewar reservoir, which maintains all the superconducting
components at 4.2°K. With advanced cryogenic design, the gap between the
superconducting pickup coils at 4.2°K and the subject’s head at body tem-
perature can be minimized so as to maximize the detection of cortically
evoked magnetic fields.

Although SQUIDs coupled to pickup coils near the head provide
enough sensitivity to detect these fields, without a noise rejection strategy,
the neural signals would be overwhelmed by electromagnetic noise from
environmental and physiological sources. The first defense against such
noise is to electrically and magnetically isolate the SQUID dewar and
subject from the noise environment by placing them in a multilayered
shielded room. The room shielding typically consists of at least two com-
plete nested metal enclosures. The first, made from aluminum, is a shield
that rejects time-varying electromagnetic fields (>10Hz) by way of induced
eddy currents within the wall of the shield. The second and perhaps third
layers are made from a high-permeability alloy, known as “mu-metal,”
which deflects low-frequency magnetic field around, rather than through,
the room contents.

As a second defense against electromagnetic noise, modern MEG
systems capitalize on the fact that the magnetic fields from the relatively
distant environmental and physiological sources are spatially more uniform,
their spatial gradient falling off rapidly with distance from the generating
source. By using combinations of oppositely wound coils, instead of a single
pickup coil, known as a “magnetometer,” the SQUID sensor can be made
sensitive to an approximation of the spatial gradient of the magnetic field,
rather than to the field itself, thus rendering the sensor differentially sensi-
tive to the closer neural signals. Such a coil configuration is known as a
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“gradiometer” (Carelli and Leoni, 1986); by using increasingly complex
combinations of coils it is possible to make first- second- and third-order
gradiometers sensitive to higher-order spatial gradients (figure 12.4, plate
11). The distance between the coil components in the gradiometer array is
known as the “baseline”—the smaller the baseline, the more electromag-
netic noise is rejected, although the less sensitive the gradiometer becomes
to deeper sources within the head.

Gradiometers have to be accurately manufactured so that each coil
has the same surface area. The degree of accuracy in this matching is known
as the “balance” of a gradiometer and again directly translates into noise
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Figure 12.4
Typical configurations of axial magnetometers/gradiometers and the planar gra-
diometers used in a typical thin-film system. Under each device, cartoons of the
typical field patterns generated in each coil configuration are shown, assuming a
single tangential dipolar current source at the vertex. Red indicates magnetic field
lines entering the head, blue indicates field lines exiting the head. Note how, with
the axial devices, the contour maps become spatially tighter for higher-order gra-
diometers. One advantage of the planar gradiometer is that it gives a maximum
detection signal directly above the source. See plate 11 for color version.



rejection performance for the device. Virtual higher-order gradiometers can
also be implemented by combining the measured signals in postprocessing
software (Vrba and Robinson, 2001).

In configuring an MEG system, there are thus several choices to be
made: whether to use magnetometers or gradiometers, axial or planar
geometries, and to what degree software gradiometry is to be used. Each
MEG manufacturer has its preferred configuration and will argue strongly
for the merits of its system supported by a host of software simulations.
There is no “best” solution—the relative merits of each design depend
strongly on the electromagnetic noise model chosen to illustrate its per-
formance (Vrba and Robinson, 2001). Nevertheless, it would be interest-
ing to look at the publication record of each system design after a few years
in use to see whether there was any systematic variation in the detection of
activity from each brain area, especially in the case of deep structures.

Forward and Inverse Problems

Given the position, magnitude, and orientation of any hypothetical neu-
ronal current source, together with the conductor geometry of the head,
skull, and scalp, it is relatively easy to work out what magnetic field would
be measured in any given MEG detector array. This is known as “solving
the MEG forward problem” and has a unique solution—there is only one
possible magnetic field distribution that can be generated by a given current
configuration. Whereas, for accurate solution of the EEG forward problem,
one must fully consider the conducting geometry of the brain, skull and
scalp, using perhaps the real head shape of the individual, for MEG, one
can use much simpler conductivity models, such as a homogeneous sphere
or multiple overlapping spheres for each separate MEG detector (Huang,
Mosher, and Leahy, 1999)—in either case, the MEG forward problem solu-
tion is straightforward.

To be useful as a functional neuroimaging tool, MEG must be able to
localize the cortical current generators given an externally measured mag-
netic field. This is known as “solving the MEG inverse problem” (Sarvas,
1987). Unfortunately, because there are an infinite number of cortical
current distributions that could generate any given externally measured
magnetic field, the solution of either the MEG or the EEG inverse problem
is impossible from the measured data alone. Another way of thinking about
this is that there is insufficient information in the external field measure-
ments to tell us the distribution of electrical currents in the brain. This
problem is known as “nonuniqueness.”
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Although nonuniqueness obviously has serious implications for the
utility of both EEG and MEG as functional imaging techniques, things are
not as bleak as they appear. If we can add any extra information about the
spatial or temporal nature of the cortical currents (known as “a priori con-
straints”), then we can often collapse the space of possible solutions to a
single one, which is unique in that context. A good analogy for this comes
from stereoscopic vision. Normally, we use our two eyes to view the world.
By combining the signals from both eyes, depth information can be
extracted, which allows us to use the apparent visual size of an object and
its distance from the eyes to estimate the real size of the object. A unique
solution can be obtained. On the other hand, when we watch a film, or if
we are unlucky enough to lose an eye, we no longer have formal depth
information—there is no longer a unique solution to the inverse problem
because depth and object size are confounded. Of course, in reality, we
watch films quite happily and people with one eye are able, for example,
to drive cars safely enough. The reason why our visual functionality is
mostly preserved is, of course, that we have a lot of a priori information
about the real physical size of objects. Because we know how big a cow is,
when we identify the image of one on film or monocularly, we can use that
a priori information to estimate how far away from us the object is. Of
course, if our a priori information is wrong—perhaps the apparent cow is
really a small model of a cow—then our solution will be wrong. This illus-
trates an important point—solutions to the inverse problem stand or fall
on the validity of their a priori constraints.

There are a bewildering array of approaches to the inverse problem
for both EEG and MEG data, some of which are described briefly below.
Each approach has its advocates and the literature can often be quite con-
frontational when groups propose a new algorithm and criticize a previous
approach. Although a full description of the approaches and algorithms
available and of the advantages and disadvantages of each is beyond the
scope of this chapter, luckily, there are some excellent modern review arti-
cles (see, for example, Baillet, Mosher, and Leahy, 2001; Michel et al.,
2001).

It is worth noting that each approach can be applied to either EEG
or MEG data—the only difference is that the solution to the forward
problem will be different for each modality, which has implications for the
relative accuracy of the localization. In either case, three golden rules should
always be kept in mind:

1. There is no magic bullet. Although no algorithm will work in every
situation and yield the true current distribution in the head, for each algo-
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rithm, it is formally possible to define when it will work perfectly and when
it will fail completely. One problem in the literature is that proponents of
each algorithm tend to concentrate on situations where their algorithm
works best.
2. There is no “best” algorithm. There are some quite simple inverse
problem algorithms, such as the single-current dipole described below,
which work perfectly well if the a priori constraints are valid. In other sit-
uations, more complicated distributed algorithms will be needed.
3. There is no way to determine, using MEG alone, which inverse
problem algorithm will yield the true current distribution in the head. As
we shall see, it is possible for two different algorithms to give very differ-
ent, but equally valid, solutions to the inverse problem, given the same MEG
data set. The only way out of this predicament is to add extra information
that will inform our choice of which algorithm to use.

The MEG Experiment: Average Evoked and Induced Effects

Before choosing an inverse problem algorithm, it is necessary to consider
the actual design of the MEG experiment and the type of neural activity
that is to be measured. In a typical MEG experiment, the system can record
data from, say, 275 magnetometer channels at a rate of several thousand
samples a second. Typically, these data are recorded in a single run lasting
several minutes (figure 12.5, plate 12). During this recording period, the
experimental manipulations can take place. The precise timings of all
stimuli and tasks need to be logged by the MEG system with millisecond
precision. This can then be used to divide the MEG recording into experi-
mentally salient temporal segments, known as “epochs,” whose length can
vary from a few tens of milliseconds to several tens of seconds or even
minutes. The simplest and oldest MEG/EEG experimental paradigm is the
average evoked response, in which the time series contained in each epoch
is simply averaged. Electromagnetic noise, whether arising from the envi-
ronment or from the brain, will tend to average out, whereas any repro-
ducible task-related neural activity will tend to average in, and to be
reinforced in the final average epoch. Only neural activity that occurs in
each epoch and at exactly the same time within each epoch will tend to
contribute to the final average. This is known as “phase-locked activity”
because it is necessarily locked to the stimulus or trial onset. Typically,
evoked response experiments use epochs that are only a few hundred mil-
liseconds long. One reason for this is that the timing of the neural activity
in each epoch becomes more variable for delays longer than this, so that
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the activity does not average in. The net result is that, within the average
epoch, there are typically only a few peak components, which are then taken
forward for further analyses, such as contour mapping, time-frequency
analysis, or solving the inverse problem.

A related approach is the steady state evoked response experiment in
which several brief stimulus presentations are presented to the subject at a
fixed frequency. The EEG or MEG activity measured as a consequence of
this will show driven oscillatory responses at the stimulation frequency or
a harmonic of the stimulus frequency. Steady state evoked responses are
most often used in studies of the primary sensory cortices, where it appears
to be fairly easy to evoke oscillatory responses. For example, an 8Hz flick-
ering checkerboard stimulus will generate a strong oscillatory signal, at 
8Hz or its multiple, in posterior EEG and MEG sensors.

Although the evoked response paradigm has been the mainstay of
EEG and MEG experiments for several decades, it has several disadvan-
tages, the principal one being that only neural activation tightly phase
locked to a particular instant of time will be revealed in the average. If the
neural response to a stimulus or task “jitters” by only a few milliseconds
from trial to trial, the final power in the average response will be drasti-
cally reduced (Hillebrand et al., 2005). This has obvious disadvantages for
cognitive paradigms where subjects will perform and respond to tasks in a
temporally variable or self-paced fashion. Because of this, the evoked
response paradigm is really best suited to experiments studying the primary
sensory cortices or basic cognitive functions. And because there is little or
no temporal resolution with functional magnetic resonance imaging, the
cortical response as measured by fMRI is much more robust to jitter in the
subjects’ processing speed than that measured by MEG, which helps explain
why fMRI has been so successful and so wide ranging as a cognitive 
neuroimaging technique. One of the key reasons why MEG has not been
as widely accepted in this role is that, until recently, the experimental par-
adigm had to be formulated in terms of a brief evoked response design,
which is fundamentally limiting. In addition, this design is nonoptimal for
fMRI-MEG comparison studies, due to the slowness of the hemodynamic
response.

There has been much recent interest in changes in the brain’s intrin-
sic oscillatory rhythms that are time, but not phase, locked to the presence
of a stimulus or the execution of a cognitive task (Hari and Salmelin, 1997;
Pfurtscheller and Lopes da Silva, 1999; Basar et al., 2001; Pfurtscheller,
2001, Hillebrand et al., 2005), which means that the power in a specific
frequency range, say 5–15Hz, will either increase or decrease during an
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experimentally salient period of time, such as when subjects view a visual
stimulus. A good example, which appears early in the neuroimaging liter-
ature, is the large modulation in posterior alpha activity that occurs when
subjects open or shut their eyes. On any given trial, the phase of the under-
lying oscillatory activity is essentially random, such that simple averaging
of the epochs in the time domain does not reveal any net neuronal activity,
that is, there is no significant evoked response. If, however, the epoch data
are instead averaged in the Fourier domain, so that we are averaging the
time-frequency content of each trial, then task-related changes in oscilla-
tory power can be revealed (figure 12.5). These task-related and frequency-
specific power increases and decreases have been termed event-related syn-
chronization (ERS) and event-related desynchronization (ERD), respectively
(Pfurtscheller and Lopes da Silva, 1999; Pfurtscheller, 2001). Note that the
power changes do not have to relate to a particular event or instant in
time—the oscillatory power simply has to increase or decrease in one period
of time compared to another baseline period. Also, synchronization in this
context refers to the local synchronization of neurons within a small region,
not a change in synchrony between two distinct cortical regions. All in all,
the terms ERS and ERD should be treated with caution because of the above
caveats and should always be interpreted simply as oscillatory power
increases and decreases. Whatever the terminology, ERS and ERD have
been investigated extensively with EEG, and more recently MEG, with some
striking results. It seems clear that, as subjects perform a variety of tasks,
there are very focal and frequency-specific changes in oscillatory power that
occur in response to that task. These results span the full range of cogni-
tive functions, including vision, audition, language, memory, emotion, and
sensorimotor functions. One advantage of studying these phenomena is that
they can occur in relatively long time windows and need not be phase locked
to an instant of time. This means that ERS/ERD effects can be studied using
experimental designs in which the subject’s response can jitter in time and
may be relatively sustained, thus facilitating comparison with an identical
fMRI experiment (e.g., Singh et al., 2002).

The Single Equivalent Current Dipole

The simplest inverse problem algorithm assumes that a single small patch
of current generates the measured magnetic field (Wood, 1982; Scherg and
von Cramon, 1985). Although we know that this patch has to be at least
a few square millimeters in size, it is far enough from the detectors to be
accurately modeled as a point source of current, known as an “equivalent
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current dipole” (ECD). For magnetoencephalography, an ECD in a homog-
enous sphere model is defined uniquely by five parameters; three describ-
ing its position within the head, and two defining its tangential orientation
and current strength. For any given ECD, the solution to the forward
problem is fairly straightforward. The field has a characteristic dipolar
shape, with two lobes where the field from the dipole exits the head before
looping back into the head (figures 12.1 and 12.4). The ECD is located
approximately below the midpoint between the two field maxima at a depth
indicated by their separation. Because they have a single detection
maximum directly above the position of the ECD (figure 12.4), the field
pattern from an array of planar gradiometers is conceptually easier to 
interpret.

The single equivalent current dipole model for solving the inverse
problem is best suited to evoked response experiments where a small
number of peak latencies can be identified in the average response. Typi-
cally, the user identifies a single latency of interest and the dipole-fitting
software will adjust the position, strength, and orientation of a simulated
dipole until the calculated magnetic field matches the measured field 
distribution in the sensor array. A goodness-of-fit criterion is used to accept
or reject the fit.

Multiple Equivalent Current Dipole Models

As brain activity becomes more complex, both in space and time, more
complex source models are needed. If the magnetic field is not successfully
modeled by a single equivalent current dipole, the dipole-fitting software
can add increasing numbers of dipoles to the model, each one requiring the
iterative fitting of another five dipole parameters. In practice, however, this
is only usually successful for fewer than five ECDs because, as more and
more dipoles are added to the model, the fit becomes more sensitive to the
starting values for each dipole. Choosing slightly different initial positions
for each of the modeled sources, for example, can result in radically dif-
ferent positions in the final solution—the model becomes unstable. This
oversensitivity to starting conditions can be partially overcome by using
multistart approaches (Aine et al., 2000).

The models described above can be extended so that instead of fitting
the dipole to a single instance of time, the software can be told to generate
a dipole fit that attempts to explain the MEG data over a range of laten-
cies. Within these spatiotemporal models, each equivalent current dipole
can either be fixed in position (Scherg and von Cramon, 1985), perhaps
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representing a fixed region of the gray matter sheet, or be allowed to move
during the fitted range of latencies.

Dipole Scanning Approaches

With the advent of increasingly rapid computer technology, the problem of
fit instability for multiple dipole models can be partially addressed using
“brute force” approaches in which the entire head (or a subvolume of inter-
est) is scanned for possible sources. At each part in the brain, for example,
a simulated dipole can be placed and the forward problem used to gener-
ate the field in the sensors. This simulated field can be compared to the
measured field and a goodness-of-fit measure calculated. This is repeated
for each point in the brain in order to generate a volumetric representation
of the goodness of fit. Typically, this will have several maxima, which rep-
resent putative discrete cortical sources. One popular approach is that of
multiple-signal classification (MUSIC), first used in signal processing before
adaptation for EEG/MEG (Mosher, Lewis, Leahy, 1992). In MUSIC, dipole
components are identified that fit both the spatial and temporal compo-
nents of a subset of MEG data. This can only work if the sources are in
some way independent, and if the contributions of signal and noise are
appropriately separated. One problem with MUSIC is that, although it 
can be easy to identify the strongest dipole contribution, this can mask 
some smaller components in the signal space. To address this problem, an
improvement to MUSIC has been recently proposed, known as “recursively
applied and projected MUSIC” (RAP MUSIC), in which the contribution
of the strongest dipolar source in the initial MUSIC solution is subtracted
from the measured data (Mosher and Leahy, 1999). The whole procedure
is then repeated to identify the next largest source, and so on in an itera-
tive fashion.

Beamformer Models

Closely related to dipole scanning algorithms, beamformer models have
recently been proposed for the analysis of EEG and MEG data. These
models use algorithms based on those of fixed-aperture radar technology,
in which any portion of the sky can be scanned using a weighted combi-
nation of fixed radar detectors (van Drongelen et al., 1996; Van Veen et al.,
1997).

In any MEG detector array, we might have 275 channels of magne-
tic field data recorded every millisecond or faster. What we are actually 
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interested in is the magnitude and time series of activation of a given point
in the brain. This is sometimes described as a “virtual electrode recording”
(Vrba and Robinson, 2001; Grave de Peralta-Menendez et al., 2004)
because it describes what we might measure if we were to insert a record-
ing micro-electrode at this location in the brain. In beamformer analysis,
the virtual electrode output is estimated at any location by summing the
MEG detector outputs in a suitably weighted fashion to yield a single time
series for the virtual electrode. Because the MEG data has an intrinsic tem-
poral resolution of 1msec or better, the virtual electrode time series will
have the same temporal resolution. The key is, of course, the appropriate
determination of the weights (275 numbers in our example) for each loca-
tion in the brain. In a “perfect” beamformer, for any location in the brain,
we would choose our 275 weights so that we were sensitive to activity only
at that location and completely insensitive to activity elsewhere. We would
then determine our 275 weight values at each location in the brain, enabling
us to have a complete map of electrical activity at each point. Of course,
we know that nonuniqueness must forbid this level of perfection in any
inverse problem algorithm. There are potentially several tens of thousands
of separate points in the brain we could probe with our MEG array, yet we
only have 275 discrete channels—this fundamentally limits our beamformer
resolution. In reality, beamformer models must approximate the optimal
weights using minimization algorithms. Typically, in these constrained
minimum variance (CMV) beamformer algorithms, the weights are deter-
mined from the data covariance matrix such that the limited number of
degrees-of-freedom are used in an optimal fashion to suppress the contri-
bution of unwanted sources at each point in the source space. One of the
most widely used beamformers for MEG applications is known as “syn-
thetic aperture magnetometry” (SAM; Robinson and Vrba, 1999; Vrba and
Robinson, 2001; Gaetz and Cheyne, 2003; for a recent review of SAM
applications, see Hillebrand et al., 2005).

Algorithms such as SAM make two key assumptions: (1) the MEG
data are generated by a set of discrete dipolar sources and (2) the time series
of these sources are uncorrelated. This latter assumption is the main limi-
tation of beamformer approaches: two, perfectly correlated cortical sources
will be self-canceling and hence will not be represented in the final beam-
former reconstruction. This means that algorithms such as SAM are prob-
ably not well suited to the analysis of short-epoch evoked response
experiments. On the other hand, simulations and empirical results have
shown that these algorithms are robust to moderate levels of source corre-
lations (Van Veen et al., 1997; Gross et al., 2001), suggesting that they may
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be well suited for the analysis of longer-epoch evoked response experiments,
and for experimental designs that do not involve averaging in the time
domain.

The advantages of algorithms such as SAM are twofold. First, there
is no need to specify the number, initial position, or orientation of dipoles
a priori. If the assumptions are valid, the algorithm will correctly recon-
struct the number and position of the sources. Second, because the weights
are determined from the data covariance matrix, there is no need to average
the MEG time series in the time domain. This makes techniques such as SAM
ideal for studying time-, but not phase-, locked activity, such as the ERS and
ERD oscillatory activity described above.

In a typical SAM analysis, the virtual electrode output is determined
for each region in the brain, typically at a scanning resolution of 5 × 5 ×
5mm. This time series can be broken down into discrete epochs, reflecting
any number of different experimental conditions. Statistical analysis can
then be performed between the epoch groups. For example, the amount of
alpha (5–15Hz) activity could be assessed in the active epochs and com-
pared to that in the passive epochs. In SAM, a difference statistic is com-
puted for each voxel in the brain, which gives rise to a parametric intensity
map, conceptually similar to those generated by techniques such as func-
tional magnetic resonance imaging and positron-emission tomography, but
with a much higher underlying temporal resolution. The resulting SAM
maps can be subject to statistical procedures similar to those developed 
for fMRI and PET, including statistical inference at the level of the single
subject (Barnes and Hillebrand, 2003) and the group (Singh, Barnes, and
Hillebrand, 2003). SAM can also be used to localize oscillatory effects that
change slowly over time, for example, those generated by pharmacological
interventions or by physiological phenomena such as migraine aura (Hall
et al., 2004) or swallowing (Furlong et al., 2004).

Distributed Current Algorithms

Because they assume that activity can occur anywhere within the brain, dis-
tributed current algorithms (DCAs) do not constrain the spatial extent of
the current generators. The whole source space is filled with a dense field
of fixed dipoles for which only the vector amplitudes of the dipoles at each
point in the source space need to be determined. This can be further sim-
plified if we use anatomical information from the subject’s fMRI scan to
constrain the position and orientation of each dipole. Now only one para-
meter, amplitude, needs to be determined for each dipole in the source
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space. The forward problem for a single instant of time can be written as
a simple matrix equation:

B = LJ,

where J is a N × 1 matrix describing the amplitude of each of the N fixed
dipoles in the brain and B is a 1 × M matrix describing the MEG meas-
urement in each of the M channels. The M × N matrix L is known as the
“lead field matrix,” and each element of L describes the amount of MEG
signal generated in one of the MEG sensors by a dipolar source at one of
the source space locations. Hence the calculation of the elements of L
requires the forward problem to be solved for each dipole-sensor pair, given
the relative positions of the source and MEG coils and the conductivity
model being used. L and B are therefore known, or calculable; to solve the
inverse problem we need only invert the above equation to calculate the
current distribution, J. This is essentially a linear problem that, in princi-
ple, can be solved using fairly straightforward matrix inversion algorithms
(Hämäläinen and Ilmoniemi, 1984; Fuchs et al., 1999; Baillet et al., 2001;
Michel et al., 2001).

Unfortunately, to be useful, the dipole field needs to be defined on a
dense, three-dimensional grid, having typically tens of thousands of dipole
amplitude parameters. Because, however, we have only 150–300 channels
of data, the inverse problem under this approach is massively underdeter-
mined (N >> M). Thus, to be practicable, DCAs need to make additional a
priori constraints on the form of the current density.

There are several different approaches to this area of the EEG/MEG
inverse problem, one that has generated perhaps the most discussion in the
literature. Perhaps the simplest and oldest technique is the minimum-norm
least-squares (MNLS) solution (Hämäläinen and Ilmoniemi, 1984), in
which a distributed current algorithm solution is found that best fits the
MEG data, using a least-squares criterion. As we have seen, in the under-
determined MEG inverse problem, there are many such nonunique solu-
tions. Within the MNLS framework, the solution that has the minimum
power is chosen from this solution set.

Note that, although distributed current algorithms have been most
often used in the analysis of average evoked response data, they can also
be formulated for use in the analysis of oscillatory power changes, such as
event-related synchronization and desynchronization (Jensen and Vanni,
2002). In addition, statistical volumetric maps of activation changes
between active and passive states, or between experimental conditions, can
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be constructed using appropriately constructed minimum-norm algorithms
(Dale et al., 2000).

A key problem with the minimum-norm least-squares solution is that
it generates very smooth solutions and favors superficial distributed current
distributions, even if the true source is a deeper, more focal, current gener-
ator. Several proposed modifications to the MNLS solution can be shown
to do a better job at localizing focal sources of current (Ioannides, Bolton,
and Clarke, 1990; Dale and Sereno, 1993; Grave de Peralta-Menedez and
Gonzalez-Andino, 1998; Grave de Peralta-Menendez et al., 2004; Fuchs 
et al., 1999; Dale et al., 2000). In one approach to this key problem, intro-
ducing an a priori weighting matrix allows one to change the nature of the
final solution. For example, one can use weighting factors to correct for the
depth bias, or noise in the data to “normalize” the MNLS solution (Dale
et al., 2000), or one can use iterated algorithms in which the initial MNLS
solution serves as an a priori weighting matrix for the recalculation of a
new minimum-norm solution. Although these algorithms tend to zero in on
more focal solutions (Gorodnitsky, George, and Rao, 1995), in some cases,
they have been shown to be sensitive to noise in the data (Baillet, Mosher,
and Leahy, 2001). In another approach, imposing a smoothness constraint
within the inversion, a method known as LORETA (Pascual-Marqui,
Michel, and Lehmann, 1994), can be shown to accurately reconstruct the
position of focal sources, although at the expense of spatially smearing the
reconstructed sources.

It is important to note, however, that we do not actually know
whether the generating current source is focal or extended. Figure 12.6a
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Figure 12.6
Demonstration of source space complexity and nonuniqueness in the frontal lobe /
insula cortex region of the human brain.



shows a particularly complicated part of the cortex, in the region of the
inferior frontal lobe and insula cortex. The insula is of interest because it
is separate from the neocortex and yet has the same gray matter layers
capable of providing a source of externally measured magnetic fields. The
complexity of the source space is evident, with several layers of vectors
(figure 12.6b), and rapidly changing source orientations. Figure 12.6c
shows some hypothetical source locations for the measured field. Unfortu-
nately, a deep focal source in the insula could generate the same magnetic
field as that of a distributed superficial source in the frontal lobe. There is
no way of choosing between these two options. A single current dipole
analysis might be able to quite accurately model the MEG data and would
yield a source in the insula. In contrast, an MNLS solution would demon-
strate an extended area of activation in the frontal lobe. Other algorithms,
such as weighted or iterated minimum-norm solutions, would presumably
favor the deeper focal source, or perhaps something in between. The generic
inability of inverse problem algorithms both to assess the spatial extent of
activation and to localize its position in three dimensions has led some to
propose that a more principled approach is to simply use a basic minimum-
norm solution on a two-dimensional source space, and accept that the
reconstructed source distribution will effectively be a surface projection of
the underlying sources (Hauk, 2004). If MEG is to be truly useful as a cog-
nitive imaging tool, however, we need to unambiguously localize activity as
coming from, for example, either the frontal lobe or the insular cortex. It
follows that we need to be able to provide extra information to the inverse
problem algorithm, so that these ambiguities can be resolved.

Applications

The acquisition hardware for MEG will certainly evolve in the next 
few years, with improved dewar design, greater numbers of channels, new
gradiometer design, faster amplifiers, and better A/D converters. Some of 
the inverse problem algorithms described earlier will be implemented as
real-time solutions on fast computer platforms. This will allow cortical
activity to be displayed while the subject is actually performing a cognitive
task.

One of the key potential application areas for MEG is in research and
clinical studies of pediatric populations. For example, MEG can be used to
study the neuroelectric correlates of normal development or disorders such
as dyslexia, autism, and epilepsy. MEG has advantages in that it is silent,
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relatively unintimidating (compared to fMRI), there are no safety or ethical
issues other than informed consent and MEG can be performed quite
rapidly. On the other hand, pediatric MEG has two disadvantages. First,
the child must be compliant enough to remain still. Although false “acti-
vations” cannot be created by head movement with MEG as they can with
fMRI, the magnitude of averaged signals can be reduced and the accuracy
of cortical localization compromised by excessive head movement. Muscle
artifacts may also be introduced in the MEG sensor array. The use of “soft”
inflatable head restraints can help with this, as can the presence of a family
member in the shielded room.

Second, in modern MEG systems, the dewar is designed to fit around
most of the adult population rather than a child. In some adults with quite
large heads this can be quite a tight fit. With children, the opposite problem
occurs. Young children’s heads are so small, compared to the standard
dewar size, that the detectors are not placed optimally close to the head
surface (figure 12.7). Although using magnetometers, with their potentially
greater depth sensitivity, may help in these situations, their concomitant
increased sensitivity to environmental electromagnetic noise may reduce the
benefit. For optimum scanning of young children, it is probably desirable,
therefore, to construct an MEG system that is directly matched to the head
sizes of children in the target age group.
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Figure 12.7
Illustration of the problem of designing a generic MEG system for adult and pedi-
atric populations. Each head is rendered from real MRI data from 4 individuals.
The MEG helmet is a hypothetical one that closely fits the head of the 27-year-old
male subject. The horizontal line represents the shoulders of each person. For the
younger, smaller heads, the temporal MEG sensors become increasingly distant from
the head, reducing sensitivity. Occipital and frontal channels (not shown) are simi-
larly nonoptimal. (Child data courtesy of Jay Giedd and Clare Mackay)



Integration and Innovation

Integration with Electroencephalography

Because magnetoencephalography and electroencephalography provide
complementary information about neuronal current sources (for example,
EEG is more sensitive than MEG to radial currents and activity from deeper
sources in the brain), a joint EEG-MEG approach can be used to solve the
inverse problem (Dale and Sereno, 1993). Most modern MEG systems also
come with EEG electrode sets and amplifiers, allowing the simultaneous
recording of EEG and MEG data. The two data sets can be used together
in a joint solution to the inverse problem, such as a combined distributed
current algorithm approach. Within the DCA analysis, the MEG and EEG
channels are treated equivalently, all that is needed is for the different lead
field functions for EEG electrodes and MEG coils to be specified appropri-
ately in the matrix L. Although the joint use of EEG and MEG reduces the
problem of nonuniqueness, it does not abolish it completely.

Coregistration and Integration with Magnetic Resonance Imaging

Because MEG itself provides no anatomical information, MEG localizations
must be superimposed or coregistered on the individual’s MRI scan. MEG-
MRI coregistration is a two-step process. First, the position of the MEG
detectors must be ascertained within a head-based coordinate system. A
common approach is to use small coils placed on three or more discrete
positions on the head, known as “fiducial points.” By passing a current
through these coils, researchers can use the detectors to localize the posi-
tion of the coils and hence define a head-based coordinate system for the
MEG sensor positions (Erné et al., 1987). Second, the position of that head-
based coordinate system must be ascertained within the MRI coordinate
system. By placing oil-filled capsules on these same fiducial points, the
researcher can easily identify them in the MRI scans and hence bring the
two coordinate systems into registration. Unfortunately, even small errors
in the location of the fiducial points can lead to significant coregistration
errors at cortical locations distant from the fiducial points (Singh 
et al., 1997). Greater accuracy can be obtained using a surface-matching
approach, whereby the surface of the scalp is automatically extracted from
the MRI data, then matched by translation and rotation to a head surface
that has been digitized in the MEG laboratory. The advantage of this
approach is that points over the whole of the scalp are used in the coreg-
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istration, so that errors at each point tend to average out, and there is no
lever effect, as there is with small numbers of fiducial points. The disad-
vantage is that a head surface has to be digitized in the MEG laboratory.
One digitizing strategy is to move a small coil over the surface of the head
and to localize each position within the MEG coordinate system. This yields
the maximum accuracy because the scalp head shape is automatically
defined with reference to the position of the MEG sensors. The disadvan-
tage of this strategy is that it can be quite time consuming. An alternative
strategy is to digitize the subject’s head shape using special digitizing equip-
ment, such as the Polhemus three-dimensional digitizer, or photometric,
camera-based digitizing techniques within the MEG laboratory. This can be
faster, but the problem then remains of linking the position of the digitized
head shape with the position of the MEG detectors.

The coregistration problem is the Cinderella of MEG. Although
usually addressed as an afterthought (there are relatively few published
papers on the topic) when laboratories first acquire an MEG system, 
the next generation of source localization algorithms will critically depend
on accurate coregistration so that the position or orientation of the 
cortical gray matter sheet and fMRI data can be used as accurate a priori 
constraints.

Anatomical MRIs are of such high quality that automatic algorithms
are now easily able to segment the image of the brain into tissue compart-
ments such as gray matter, white matter, and cerebrospinal fluid (e.g., Dale
and Sereno, 1993; Dale et al., 2000). The gray matter can be modeled locally
as a two-dimensional sheet, which can then be subdivided into small dipolar
elements. The orientation of each dipole can be fixed such that its orienta-
tion is perpendicular to the gray-white matter boundary. The use of such a
stringent anatomical a priori constraint for the source space dramatically
reduces the number of source parameters that need to be determined when
solving the inverse problem and results in more spatially localized solutions.
It does not, however, get around the problem of nonuniqueness because, for
example, extent and depth ambiguities still remain.

One key problem, which is often overlooked, however, is the issue of
coregistration accuracy. Again, if we use figure 12.6 as an example, we can
see how complex the gray matter sheet is and that areas of quite different
source orientations can be physically quite close together. This means that
any significant error in MEG-MRI coregistration would result in a highly
constrained source model that is displaced from its true position. Conse-
quently, using anatomical a priori constraints could provide erroneous
information for the inverse problem solution, which might well be worse
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than using no anatomical information at all (Hillebrand and Barnes, 2003).
The successful use of anatomical MRI a priori constraints depends critically
on the accuracy of the coregistration. It is also important to realize that
MEG/EEG signals arise not only from the gray matter sheet of the cortex;
it is likely that deep brain structures may also generate such signals. Thus
it may be necessary to place single dipolar sources in the center of poten-
tially active structures (Dale and Sereno, 1993).

Additional information for solving the MEG inverse problem can
potentially be obtained from other functional imaging modalities, such as
fMRI. The intention here is to combine the complementary information
from the two techniques in a principled fashion, making the best use of the
spatial accuracy of fMRI and the high temporal resolution of MEG. A
simple approach is to perform the same, or similar, experiment using fMRI
and MEG so that the resulting source localizations can be compared to see
whether there is a match between the two modalities (e.g., Singh et al.,
2002; Moradi et al., 2003).

More formally, after statistical analysis of the fMRI data set, the acti-
vation map can be used to “bias” the inverse solution, such that activity is
more likely to be localized to the clusters found in the fMRI analysis (Liu,
Belliveau, and Dale, 1998; Ahlfors et al., 1999; Dale et al., 2000; figure
12.8, plate 13). The advantage of this approach is that the temporal evo-
lution of activity within the fMRI clusters can now be described using the
millisecond resolution of MEG. Given the inherent nonuniqueness of the
MEG/EEG inverse problem, this may be our best chance to get close to our
“perfect” neuroimaging technique, which yields a nonunique solution in
both space and time.

Of course, inevitably, there are some problems with integrating mag-
netoencephalography with functional magnetic resonance imaging, which
mostly derive from the hemodynamic nature of the fMRI BOLD response.
Although much progress has been made in understanding the relationship
between the underlying neural substrate of the BOLD response (Logothetis
et al., 2001), there is much that is still not known. In particular, we cannot
guarantee that an activation cluster obtained in an fMRI experiment will
have a real counterpart in the MEG data, or vice versa (Ahlfors et al., 1999;
Nunez and Silberstein, 2000). This would lead to the fMRI data set being
inappropriate as a suitable a priori constraint for the MEG/EEG inverse
problem. Recently, Bayesian methodologies have been proposed for the
MEG/EEG inverse problem that would allow the fMRI a priori constraint,
or indeed any other, to be used in a variable fashion, in which the relative
contribution of each constraint would be selected on the basis of whether
it truly helps explain the data.
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Figure 12.8
Demonstration of the utility of fMRI constraints in the analysis of MEG data, taken
from (Dale et al., 2000). The data are from a single subject, performing a cognitive
task in which the subject was presented with written concrete nouns (objects and
animals) and had to decide whether the named object was more than a foot long.
Identical fMRI and MEG experiments were performed using a trial-based evoked-
response paradigm. To allow the hemodynamic response to decay back to baseline,
a 16 sec intertrial interval was used in both modalities, even though it is not neces-
sary for the MEG experiment. Each brain image shows the inflated gray matter sheet
for this individual at four different latencies after stimulus onset (80, 185, 385, and
540msec). The top panel of the figure displays the MEG data, analyzed using a
noise-normalized inverse and constrained using only the anatomical gray matter
sheet. The time course of activation is clearly visible. The bottom panel displays the
same data analyzed using the same inversion algorithm, but with fMRI data also
used to constrain the solution. Increased spatial resolution is clearly evident. See
plate 13 for color version.
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A related problem is that it is actually quite difficult to perform exactly
the same experiment in the two imaging modalities, given the slowness of
the hemodynamic response.

It can also be difficult to decide which aspect of activity recorded with
MEG/EEG should be compared with the BOLD response. Both evoked and
induced oscillatory activity can be generated in the brain and it is not yet
clear which neural metric provides the best match to the activation meas-
ured with BOLD fMRI. Figure 12.9 (plate 14) shows the results of a recent
experiment comparing the fMRI and MEG signals generated by the pres-
entation of a static checkerboard visual stimulus (Brookes et al., 2005). The
experiment clearly demonstrates the presence of multiple evoked and
induced components, located in similar regions to the BOLD response, in
even the simplest of MEG experiments.

Similarly, in a recent experiment, my colleagues and I also used MEG
and fMRI to investigate the cortical areas involved in the perception of a
simple moving dot pattern (figure 12.10, plate 15). As expected the fMRI
data set revealed a network of activated extrastriate visual areas, including
the human motion area V5/MT. Previous MEG evoked response experi-
ments have also localized activity in these regions (Lam et al., 2000). In our
data, we found beta desynchronization in the same regions as those showing
a BOLD response. This again suggests that both evoked and induced com-
ponents coexist in the same neuronal population showing a BOLD
response. Although the SAM analysis is not formally constrained by the
fMRI data set, the results give us some faith that, in this experiment, SAM
is correctly localizing the current generators.

In a recent cognitive experiment, my colleagues and I (Singh et al.,
2002) investigated the relationship between ERS/ERD effects and the BOLD
response for a language fluency task, in which subjects had to generate
words beginning with a given letter (figure 12.11, plate 16). The design of
this experiment is rather unusual for an MEG one in that it is a 
conventional fMRI boxcar design in which subjects repeatedly performed
simple visual fixation for 15 seconds and then performed the language task
for 15 seconds. The study is also unusual in that it is one of the first to use
the spatial normalization approach for forming group images of ERS/ERD
within the synthetic aperture magnetometry framework. This group SAM
analysis clearly shows beta ERD in the same regions as those where the
BOLD response is found. It appears from the various MEG-fMRI experi-
ments that have been performed thus far that often evoked response activ-
ity, localized with MEG, occurs in similar locations to that of the BOLD
response (see, for example, figure 12.8). Similarly, studies looking at
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Figure 12.9
Results from a single subject of an fMRI-MEG comparison experiment in which
the subject was shown a static checkerboard visual stimulus for 6 sec (Brookes et
al., 2005). Orange colors depict power increases, blue/pink colors depict task-related
power decreases. During the stimulus presentation (2–8 sec), three neuroelectric
effects were detected in a SAM analysis of the MEG data: (1) a sustained and evoked
shift in the DC baseline (top panel); (2) an induced increase in gamma-band (55–
70Hz) power (middle panel); and (3) an induced decrease in alpha (8–13Hz) power
(bottom panel). These effects are in a similar location to the BOLD response found
in an identical MRI experiment (far left panel). (Figure courtesy of Matt Brookes)
See plate 14 for color version.
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Figure 12.10
MEG-fMRI comparison experiment showing activation to a visual stimulus con-
sisting of a field of coherently moving dots (n = 11). On the left, SAM analysis of
the MEG data shows beta (15–25Hz) power decreases in extrastriate visual cortex,
including V5/MT. This ERD is clearly contralateral to the visual field in which the
stimulus is presented. On the right, the BOLD fMRI activation to the same task is
also shown. There is a clear correspondence between those areas showing a BOLD
increase, and those areas showing a beta power decrease. See plate 15 for color
version.



ERS/ERD induced effects (figures 12.9, 12.10, and 12.11) show a mixture
of correspondences with BOLD effects, with one of the most prevalent being
desynchronization in the alpha and beta bands. Although this might, at first,
seem puzzling, neuronal modeling studies of ERD have also shown that, as
the mean activation level in a population rises, the amount of oscillatory
power in lower frequencies, such as alpha and beta, can be seen to decrease
(Pfurtscheller and Lopes da Silva, 1999; Pfurtscheller, 2001). In this context,
therefore, it appears that event-related desynchronization is actually a cor-
relate of activation, although there is much work to be done in investigat-
ing which aspects of neuroelectric activity best correlate with the BOLD
response.

Conclusion

One area of research that is likely to be very important in the future is 
the use of MEG to study the phase relationship between separate cortical
areas of the brain. Modern theories of brain function speculate that phase
synchronization between cortical areas, and the modulation of this syn-
chrony moment by moment is a fundamental building block of perception
and consciousness (Sporns, Tononi, and Edelman, 2000). Several studies
have already demonstrated MEG’s ability to localize both functionally 
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Figure 12.11
Comparison of the group BOLD response (top row) and the SAM-MEG analysis
(bottom row) of task-related beta (15–25Hz) ERD, for a letter fluency language
task (n = 6). See plate 16 for color version.



relevant areas and the phase relationships between them (e.g., Gross et al.,
2001).

Thus the future looks bright for MEG, and indeed for all neu-
roimaging technologies. What is becoming increasingly clear, however, is
that, moving away from the simple spatial “blob hunting” paradigm, we
need to perform more sophisticated experiments in which we investigate
the temporal sequencing of activity in the cortex, the role of interregional
synchrony, and the functional significance of task-related modulations of
the brain’s intrinsic oscillations. Because of the fundamental limitations of
each technology, these goals can only be attained by a truly multimodal
approach to functional neuroimaging.
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The Chemistry of Cognition

Stephen D. Hall and Peyman Adjamian

As a research concept, the chemistry of cognition is informed by many
diverse disciplines, both directly and indirectly, and encompasses a broad
spectrum of research methods: animal and human, in vivo and in vitro,
postmortem and genetic, psychophysical and pharmacological, to name but
a few. This chapter focuses on the application of human functional neu-
roimaging modalities to the investigation of the underlying chemical mech-
anisms of cognition.

The functional modalities and methodologies available for investigat-
ing neurological and cognitive function, some extensively described in pre-
vious chapters, form a formidable arsenal for the willing neuroscientist. It
is the aim of this chapter to provide readers with a brief overview of the
prominent functional modalities that can be applied to and give some
insight into cognitive chemistry research.

At the end of the “decade of the brain” and at the beginning of a new
millennium, it is apparent that no single technique holds the key to under-
standing the human mind. Rather, it is increasingly clear that only through
multimodal integration will the most intricate workings of the human brain
be revealed.

There are, as with any approach, a series of limitations to the methods
discussed. We will elaborate on some of the difficulties faced by each of the
neuroimaging methods used in the investigation of cognitive chemistry and
will discuss how these can be overcome or minimized. Integrating the
methods discussed is an intricate, and in itself, error-prone task. As we
adopt increasingly integrative approaches, minimizing the technical diffi-
culties associated with integration becomes a crucial point of interest
(Adjamian et al., 2004a). We discuss the technical difficulties associated
with cognitive chemistry research and explore current and developing
methods for addressing these.

13



Development

The neurochemicals of primary interest to us in this chapter are roughly
divided into neurotransmitters and energy metabolites, although the two
groups are not mutually exclusive, a factor of principal importance in the
discussions relating to magnetic resonance spectroscopy (MRS) methods
(Danielsen and Ross, 1999). The origins of neurochemical study can be
traced back to the work of Otto Loewi in 1921 and his discovery of the
release of a substance, now known as acetylcholine (Valenstein, 2002). It
was Loewi who forged the concept that neurons communicate with adjoin-
ing neurons or target organs using chemical messengers. Research over sub-
sequent decades has revealed there to be many diverse neurotransmitters,
all with varying functional mechanisms and physiological consequences. In
this chapter, we touch on those which are better understood and hence more
technically viable in functional research.

Our knowledge of metabolic processes and our understanding of the
importance of energy metabolism stem from the work of the cell biologists,
biochemists, and molecular biologists of the past century. The work of
people such as Gustav Embden and Otto Meyerhof (see Kresge, Simoni and
Hill, 2005) and Hans Krebs (see Buchanan, 2005) in the 1930s and 1940s,
discovering metabolic pathways such as glycolysis and the tricarboxylic acid
(TCA) cycle, provides the basis for our understanding of the substrates nec-
essary for the functioning of cells of the nervous system. Similarly, the work
of Alan Hodgkin and Andrew Huxley in the 1950s in determining the ionic
mechanisms of neuronal signal conduction (see Häusser, 2000) provides the
basis for our understanding of the central nervous system and forms the
physiological basis of modern techniques.

These fundamental principles have been exploited by ever-evolving
fields of research, to expand our understanding of neurochemistry to the
point we have reached today. Biochemists have identified a vast array of
neurotransmitters and metabolites of intricate neuronal significance; phar-
macologists have elucidated the target receptors and their physiological con-
sequences; and molecular biologists have established the structure of these
receptors and their mechanisms of action. Using all of this information and
a modicum of serendipity, pharmaceutical drug designers have created ther-
apeutic agents of cognitive significance (Lestage, 2000).

What, then, can functional neuroimaging contribute to our already
considerable understanding of the effects of these chemicals on various cells
and target molecules and to our more limited understanding of the inter-
actions within tissues of interest? As we will see in the following sections,
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functional neuroimaging picks up where the above-mentioned disciplines
leave off. Functional neuroimaging reveals information regarding the phys-
iological and chemical environments of the human brain in vitro, without
the need for invasive surgical techniques. Moreover, it allows us to investi-
gate the intrinsic chemical and physiological environment as a global entity,
rather than as disparate units. For example, magnetoencephalography
(MEG) allows us to look at function in a population or network of more
than 100,000 neurons and to observe modulations in response to cognitive
task, neurological impairment, or pharmacological intervention (Hillebrand
et al., 2005).

Through the use of chemical and functional neuroimaging modalities,
we can perform what amounts to a “virtual biopsy,” taking a snapshot of
the chemical environment at a spatially specific location, without the need
for an actual biopsy (Danielsen and Ross, 1999). Finally, integrating chem-
ical and functional neuroimaging modalities with one another, as well as
applying information gathered from other research methods, enables us to
obtain complete physiological and chemical profiles with spatial resolution
on the order of millimeters, and temporal resolution on the order of mil-
liseconds (see Singh, chapter 12, this volume).

Principles

In this chapter, we define the term chemistry of cognition, as the study of
the chemical factors that underlie the physiological processes of cognition.
Our focus is on functional neuroimaging aspects of this study, some 
of which are introduced and extensively explained in previous chapters 
(see, for example, Bandettini, chapter 9, this volume, on functional 
magnetic resonance imagining). Other modalities are described for the 
first time here, and we apologize in advance for the brevity of our 
technical discussion.

We divide functional neuroimaging modalities into two groups, chem-
ical and physiological, based on their focus, although the boundaries
between the groups are, of course, flexible and not exclusive. Functional
neuroimaging in the field of neuropharmacological research is used to
observe three fundamental features: cognitive function, physiological
response, and underlying chemical mechanism. A central premise of cogni-
tive chemistry is that, if we can fully establish the chemical mechanisms that
mediate the physiological processes underlying cognition, then we will have
all of the necessary information to understand how these systems operate.
It is this premise which we will pursue in the present chapter.
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Positron-Emission Tomography

An imaging modality designed to determine the spatial distribution of chem-
ical constituents of the brain, PET makes use of a radioactive emitter, a
chemical whose molecules are labeled with a radioisotope, also referred to
as a “radionuclide.” Depending on the nature of the radionuclide, it can be
either inhalated or ingested by the subject, but, typically, it is administered
through intravenous injection. In recent years, PET has been most often and
most widely deployed in the observation of task-related increases in brain
activity, represented by elevated metabolic activity, as indicated either by
increased regional cerebral blood flow (rCBF), measured using water
labeled with 15O, or by increased glucose metabolism, measured using
deoxyglucose labeled with 18F, called 18F-fluoro-deoxy-glucose (18F-FDG).
Both measurement methods are based on the assumption that elevated levels
of tracer will accumulate in regions of the brain that are more active and
therefore demand more energy substrates (van Heertum et al., 2004).

Although cerebral blood flow is more sensitive to neuronal activity
than glucose metabolism and, as such, provides a more accurate indication
of brain function, because of its physical properties, 18F is a more detectable,
and thus more accurate tracer than 15O. This is possibly why 18F-FDG is
the most widely used tracer in PET studies. (Interested readers may find
details of PET methods and clinical applications in Cunningham, Gunn,
and Matthews, 2004.)

The principal success of PET lies in its advantage over other radio-
tracer techniques, such as single-positron-emission-computed tomography
(SPECT), in offering the quantitative measurements of biochemical and
physiological processes in vivo, which can be particularly useful for detect-
ing the neuropathology of disease states such as dementia (Frackowiak,
1989). By mathematically modeling the kinetics of the radionuclide in vivo
as it participates in a given biological process, researchers can calculate the
rate of the process and quantify the regional cerebral blood flow. Moreover,
improvements in spatial accuracy of PET have facilitated direct compari-
son of human with animal results (see Jacobs et al., 2003).

Among the clinical applications of PET is cancer detection. Through
the quantitative measurement of 18F-FDG uptake in tumors, which reflects
tissue metabolism, PET can detect the presence or absence of malignancy
at the earliest stages, whereas anatomical imaging methods such as func-
tional magnetic resonance imaging (MRI) are dependent on the physical
manifestation of lesions to determine the existence and extent of disease.
This factor makes the approach potentially invaluable as a tool for 
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evaluating pharmacodynamics which is integral to drug development 
(Cunningham, Gunn, and Matthews, 2004).

On the other hand, progress made in hemodynamic observations using
fMRI has forced simple metabolic measures using PET to take a back seat.
As a consequence, recent PET studies have focused on more complex and
specific chemical substrates, opening up new avenues of investigation. These
more recent applications of the technique demonstrate that PET is once
again coming into its own with respect to identifying the neurochemical
features of the brain in health and pathology.

Based on the principle that the spread of a given substance through-
out the brain is dependent on local neurochemistry, which typically relies
on the activity of specific neuronal populations, there are two general
methods of applying PET as a neurochemical and cognitive tool.

First, simple radiotracers are used to observe changes in regional cere-
bral blood flow or glucose metabolism (figure 13.1a, plate 17) in response
to cognitive tasks or to cognitive impairment. For example, using PET,
Liddle (2000) observed the dynamic imbalance in rCBF that may underlie
cognitive impairments in patients with social dysfunction. This first method,
though informative by itself, is often combined with the use of specific phar-
macological agents to chemically manipulate neuronal systems in specific,
observable ways. Thus, using PET, Dolan et al. (1995) observed increased
cognitive activation of the anterior cingulate of schizophrenic patients
treated with the dopamine agonist apomorphine, demonstrating the
dopaminergic involvement in schizophrenia.

Second, specific radioligands are used to bind with distinct chemical
targets (receptors). For example, in their PET studies, Toczek et al. (2003)
used [18F]FCWAY, a selective 5HT-1A receptor antagonist, to determine
that there is reduced serotonin receptor binding in temporal lobe epilepsy
(TLE) foci; Simpson et al. (2003) used the serotonin transporter ligand
[11C]McN5652 to rule out serotonin transport abnormalities in obsessive-
compulsive disorder. PET has been applied with particular success in deter-
mining underlying chemical features of dementia through the use of labeled
pharmacological substrates (for a review, see Herholz, 2003). Moreover,
this second method enables researchers to regionally identify, and then
quantify, chemical substrates. It may also be combined with a cognitive
investigative approach, allowing researchers, in the case of competitive
binding, to observe intrinsic chemical composition and ongoing neuronal
activity. Both general methods may be used to observe the conditions of
pathology and how they differ from the control population. For example,
Aalto et al. (2005) used the dopamine D2 receptor tracer [11C]FLB457
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during cognitive tasks to demonstrate reduced receptor occupancy, 
implicating frontotemporal dopaminergic networks in working memory
performance.

A third general method of applying PET combines the first two in
order to identify both regionally specific modulations in neuronal metabo-
lism and additionally to identify the interaction of specifically designed 
radioligands with molecules of interest, thus providing complementary
information about neuronal populations and chemical mediators. Mielke
et al. (1998) demonstrated a linkage between longitudinal loss of benzodi-
azepine binding and global metabolic decline, on the one hand, and pro-
gressive cognitive decline in patients with cerebellar ataxia, on the other.
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Figure 13.1
PET, fMRI, and MRS in cognitive chemistry. (a) Use of FDG-PET to show glucose
metabolism in the healthy population (top) and patients with Alzheimer’s disease
(bottom) to reflect reduced regional energy demand (modified from Jagust, 2004).
(b) Use of fMRI to show regions of increased blood supply during the Stroop task,
under conditions of serotonin depletion in the brain (modified from Horacek et al.,
2005). (c) Use of MRS to determine the difference in grey matter spectrum metabo-
lite ratio in Alzheimer’s disease (right) compared to normal (left), showing reduced
NAA and increase mI. The center brain image shows a typical voxel for gray matter
(red) and white matter (green) acquisition (adapted from Danielsen and Ross, 1999).
See plate 17 for color version.



Magnetic Resonance Spectroscopy

As with many of the other modalities, MRS has faced concerns about its
reliability and accuracy (Lenkinski, 1989). In recent years, however, mag-
netic resonance hardware and methods have made enormous advances in
range and sensitivity to chemical substrates, the significance of the brain’s
metabolites has become better understood, and the reliability of the tech-
nique has been proven to the point of widespread acceptance. Indeed, MRS
is now recognized as an invaluable and indispensable tool in neurological
diagnosis (Danielsen and Ross, 1999). As its efficacy has become apparent,
MRS has emerged as a promising modality that offers numerous approaches
to pathology and health research (Lenkinski, 2001).

Although complex, the theory behind the practice of magnetic reso-
nance spectroscopy is based on the fact that, when surrounded by a mag-
netic field, atomic nuclei may be disrupted by radio frequency waves at
specific frequencies, which cause the nuclei to generate signals that can be
detected by a radio receiver. These signals can then be converted into 
meaningful information in the form of spectra, which can subsequently be
interpreted to gain information concerning the chemical composition at the
region of interest (ROI). Central to the theory behind MRS is the concept
of atomic spin, which designates a physical property of subatomic parti-
cles. The overall spin of a nucleus is determined by its mass number, the
total number of protons and neutrons it contains: an even mass number
results in no net spin, whereas an uneven mass number results in a net spin.
To be “visible” to MRS, a molecule must contain a nucleus with a net spin,
consequently MRS observes molecules having isotopes whose mass
numbers are uneven, such as hydrogen (1H), phosphorus (31P), lithium (7Li),
fluorine (19F), and sodium (23Na). Moreover, to be detected, the molecule
must exist in natural abundance. (For a comprehensive review of the
complex physics underlying MRS, see Keshavan, Kapur, and Pettegrew,
1991.)

When struck by radio waves, the spinning nuclei move to a higher
energy state and tilt further from their spin angle. When the radio waves
stop, the nuclei “relax,” that is, they return to a lower energy state and
resume their usual spin angle. It is at the point of relaxation that the nuclei
emit an electromagnetic signal, which can be detected by an RF receiver.
Because the signal generated by an atom such as 1H is affected by its 
neighboring atomic environment, each molecule has a different resonant
frequency, referred to as its “chemical shift.”
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The mathematical transformation provides a graphical representation
of chemical shift (figure 13.1c), with the horizontal axis indicating the
chemical shift in parts per million (ppm), and the vertical axis, the quan-
tity of the metabolite. Each metabolite has a specific chemical shift fre-
quency. For magnetic resonance spectroscopy using 1H, the principal
metabolites are closely linked and reside near to the tricarboxylic acid
(TCA) cycle stage of the metabolic pathway. Although there are overlaps
in the shift frequency, the position along the horizontal axis defines the
metabolite.

In short, the 1H MRS spectral profile of the “normal” brain reflects
a number of metabolites at various points in the trace, of which N-
acetylaspartate (NAA), creatine (Cr), choline (Cho), and Myoinositol (mI)
constitute the four highest peaks. These metabolites are of such a robust
nature that they (particularly in white matter) are aligned at approximately
a 45-degree angle, often referred to as “Hunter’s angle,” with respect to
one another (see figure 13.1c; Danielsen and Ross, 1999). NAA is a marker
of neuronal viability and density; creatine, a marker of normal cerebral
metabolism; choline, a cellular membrane marker; and myoinositol, an
astrocyte marker and product of demyelination. In addition to these prin-
cipal metabolites, glutamine and glutamate (referred to by their common
designator “glx”), gamma-aminobutyric acid (GABA), and several other
metabolites are observed, although not easily or reliably resolved without
the aid of modeling software.

Furthermore, 1H MRS allows us to observe a range of metabolites
whose presence or whose variance from normal metabolite ratios is 
specifically indicative of an abnormal or pathological condition. Thus
lactate is a product of failed oxidation, and lipid reflects a multitude of
abnormalities such as necrosis or interruption of the myelin sheath. Using
1H MRS, clinicians can diagnose numerous neurological conditions 
(for details on neuropathology diagnoses, see Danielsen and Ross, 1999;
Brandao, 2004).

Software packages typically use either frequency or time-frequency
domain modeling to quantify the chemical concentrations of the MRS
spectra. The quantification is determined with respect to standardized
phantom recordings containing accurately preprepared chemical concen-
trations of the relevant brain metabolites.

There are essentially three main approaches to the use of magnetic
resonance spectroscopy for investigating the chemistry of cognition: (1)
baseline MRS; (2) pharmaco-MRS; and (3) functional MRS. Baseline MRS
distinguishes a particular patient group from a control population based on
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the variance of its local or global spectra from the baseline chemical spectra
of the control population. Essentially a neurological diagnosis approach, it
relies on the proven robustness of MRS spectra of gray and white matter
in various regions of the brain. Even though these spectra demonstrate some
variation between locations such as frontal lobe, occipital lobe, and cere-
bellum, they are reliable across subjects to the degree that disease may be
diagnosed in an individual based upon a specific deviation from mean ratios
(Danielsen and Ross, 1999). When investigating conditions in which cog-
nitive impairments are evident through behavioral, functional, genetic, or
other assessment, baseline MRS is used to ascertain a corresponding vari-
ation in metabolite ratio/concentration from the control group. The loca-
tion identified as the region of interest (ROI) is in some cases taken from
specific theories of the disease; in other cases, from preceding functional
imaging studies; and in some “globally affective” cases, from the represen-
tative regions of gray and white matter in the occipital and parietal regions
(figure 13.1c), respectively (Danielsen and Ross, 1999).

A method of increasing interest, pharmaco-MRS measures metabo-
lites or the modulation of concentrations of endogenous substrates follow-
ing the administration of a drug or the systemic introduction of a
metabolite. This, of course, has important implications for understanding
the mechanism and site of action of particular agents and additionally for
informing pharmacokinetic models (Port and Wolf, 2003).

Functional MRS, sometimes called the “holy grail of research” as far
as magnetic resonance spectroscopy is concerned, observes changes in the
chemical composition of a specific brain region in response to cognitive
demand. As we have noted, during the neural processing of cognition, neu-
ronal populations are activated at all levels, from simple sensory input to
complex, higher levels of processing. And, at all levels, this involves
increased energy demand and therefore increased metabolic demand as well,
resulting in changes in the concentrations of energy substrates and meta-
bolic products, such as glucose and lactic acid.

More important and perhaps more informative are changes in the con-
centrations of the units of neuronal function, the neurotransmitters, insofar
as these relate to various neuronal networks in cognitive processes of inter-
est. Difficulties arise, however, in the measurement of these neurochemicals
because of limitations imposed both by spectral resonance and by natural
abundance. The concentrations of even the most abundant neurotransmit-
ters, glutamate and GABA, are only 1–10 millimoles at most, and these 
concentrations are hundreds of times greater than those of most other 
neurotransmitters.
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Baseline MRS
Across the field of cognitive research, conditions with cognitive deficits have
been compared to matched controls using magnetic resonance spectroscopy.
The principal focus of these studies has been the ratio between concentra-
tions of N-acetylaspartate (NAA) and creatine. Because the concentration
of creatine is known to be comparatively constant, a reduction in the ratio
of NAA to creatine is assumed to reliably reflect reduced or lower neuronal
density or viability (Brandao, 2004).

Baseline MRS has been used to provide chemical evidence of a phys-
iological mechanism of cognitive decline or deficit. For example, frontal
lobe NAA was found to vary with direct measures of verbal intelligence
(Pfliederer et al., 2004); decreased NAA concentrations in frontal and occip-
ital lobe were found to correlate with cognitive impairment following stroke
(Ross et al., 2005); NAA-to-creatine ratios were found to be predictive of
accompanying attention deficit disorder (Sun et al., forthcoming). Children
with autism were found to have reduced NAA and increased lactate ratios
in the frontal lobe compared to controls, consistent with a hypothesis 
of reduced neuronal viability and abnormal metabolism (Chugani et al.,
1999). Patients with clinical depression exhibited reduced anterior cingu-
late glutamate, in comparison to age-matched controls (Auer et al., 2000).
Patients suffering from schizophrenia demonstrated reduced NAA in medial
temporal structures (Fukazo et al., 1999). Migraine with aura patients
showed reduced choline concentration in the cerebellum (Macri et al.,
2003), and patients with developmental dyslexia, showed lateralized dif-
ferences between choline to NAA ratios that were absent in the control
population (Rae et al., 1998). These studies, among numerous others,
demonstrate the ability of MRS to distinguish cognitive deficits based on
variations in physiologically significant metabolite ratios.

Pharmaco-MRS
When used to observe the kinetics and dynamics of pharmacological agents
in vivo as indicated by the presence of the drug carrier propylene glycol in
the spectrum (Danielsen and Ross, 1999), pharmaco-MRS has been tested
and shown to be a feasible investigative approach. It has demonstrated
increases in gamma-aminobutyric acid (GABA) concentrations following
administration of the GABA tranaminase inhibitor vigabatrin (Weber et al.,
1999), as well as changes in glutamate concentrations following transfer-
ral of epilepsy patients from one medication to another (Goff et al., 2002).
In their study of the uptake profile of exogenous chemicals, Pietz et al.
(2003) established that MRS concentration measures of phenylalanine fol-
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lowing peripheral administration are accurate enough to monitor brain
pharmacokinetics in vivo.

Functional MRS
This third method has restrictions to its application that relate directly to
the need for reliably quantifiable measurements of change in metabolites.
As discussed previously, many metabolites are present in such small quan-
tities that their measurement per se is difficult enough. Thus, depending on
the metabolite, a relatively large change in concentration is required in order
to provide a reliable measure. As such, previous research has used para-
digms with rather intense stimulus properties and has restricted its meta-
bolic focus to higher-concentration substrates. Nonetheless, successful
functional MRS experiments of the visual system have been performed
where photic stimulation was demonstrated to produce significant changes
in the relative concentration of lactate in the visual cortex (Prichard et al.,
1991; Sappey-Marinier et al., 1992). Perhaps versions of the method using
the more precise modeling software will expand the range of metabolite
detection to incorporate more informative molecules such as glutamate and
GABA, although this remains to be seen.

In the studies discussed above almost or all the researchers 
used proton 1H magnetic resonance spectroscopy, most of them operating
1.5- or 3-tesla systems. Recent and ongoing advances in magnetic resonance
technology have given rise to other spectroscopy species (previously alluded
to), such as 31P MRS, which are now commonly used and often integrated
with 1H hardware (Murphy-Boesch, 1994). Moreover, MRS systems of 4
tesla and greater are increasingly available, although the potential risk
factors and unknowns of these more powerful systems generally restrict
their use to animal studies. Nevertheless, the greater signal resolution of
these evolving systems may prove to be the future of the field.

Innovation

Magnetoencephalography

A reflection of ionic flux in the signaling units of the brain that are intricately
linked to various neurotransmitters of the central nervous system, MEG is a
physiological measurement technique; as such, it provides no direct infor-
mation regarding the actual pharmacological mediators of the electrical
activity it observes. (For a comprehensive discussion of MEG, see Singh,
chapter 12, this volume.) The technique has lent itself, however, to three dis-

337 The Chemistry of Cognition



tinct, innovative approaches to investigating the chemistry of cognition: (1)
neuromodeling; (2) pharmaco-MEG; and (3) pharmaco-cognitive MEG.

With information from in vitro and in vivo animal research on cellu-
lar contributions to network signaling, neuromodeling employs the detailed
mathematics of neural network modeling, typically based on the Hodgkin-
Huxley models previously discussed. Its parameters identified in specific cell
signaling, a neurotransmitter-specific network can be linked with the
observed changes in electrical signals observed under specific conditions
(Jensen et al., 2002, 2005).

Pharmaco-MEG uses specific pharmacological agents, typically of
known mechanistic properties, to inform the spatial and temporal profile of
changes in electrical activity. These agents act on known intrinsic neuronal
targets; for example, neurotransmitter receptor agonists or antagonists are
used to identify changes in oscillatory activity that occur as a result of neu-
ronal excitation or inhibition. This approach has been recently developed and
expanded to provide information concerning the effect of a specific agent over
an extended window, enabling researchers to observe changes in cortical oscil-
lations throughout the duration of drug uptake. Thus pharmaco-MEG pro-
vides information regarding the pharmacokinetics and pharmacodynamics of
cognition in terms of neuronal population interactions.

An extension of pharmaco-MEG into the cognitive function domain,
pharmaco-cognitive MEG uses particular pharmacological substrates to
modulate known task-related cortical activity. Cognitive paradigms can be
used to identify the spatial and temporal structure of evoked and induced
changes that occur in response to a specific cognitive function. As we have
noted, much like the BOLD response of fMRI, MEG can identify the mod-
ulation of neuronal activity in response to auditory, visual, or somatosen-
sory stimulation in terms of its spatial and temporal profile (for a review,
see Hillebrand et al., 2005). Pharmaco-cognitive MEG observes the changes
in these dimensions in response to the substrates in question, thus provid-
ing information about the chemical constituents underlying a particular
cognitive function.

Neuromodeling

This MEG approach to the chemistry of cognition requires some introduc-
tion regarding the chemical, physiological, and perceptual significance of
current findings (see also Rippon, chapter 10, and Singh, chapter 12, this
volume). Here we focus on a current subject of some debate: the observa-
tion of gamma frequency (30–70Hz) activity in the visual cortex in response
to visual stimulation.
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Initially observed by electrode recordings in the cat visual cortex
(Eckhorn et al., 1988; Gray et al., 1989), “visual gamma” oscillations were
found in response to simplistic visual stimuli, such as achromatic moving
bars. These were found to be robust findings across animal species and using
more complex recording methods (Gray and McCormick, 1996; Kreiter and
Singer, 1996; Logothetis et al., 2001). The findings were replicated in the
human using duplicate paradigms and EEG recordings (Lutzenberger et al.,
1995; Muller et al., 1996, 1997) and have more recently been explored
using MEG (Jensen, Hari, and Kaila, 2002; Adjamian et al., 2004b; Hall
et al., 2005). Recent studies using magnetoencephalography demonstrate
the sensitivity of gamma oscillatory power to simple stimulus parameters
such as spatial frequency (Adjamian et al., 2004b) and stimulus contrast
(Hall et al., 2005). These findings have given a further twist to the ongoing
debate concerning the complexity of the cognitive significance of gamma
activity. All the more so because visual gamma oscillations have been impli-
cated in the mediation of intricate cognitive mechanisms, such as object
recognition (Tallon-Baudry and Bertrand, 1999), selective attention (Fell 
et al., 2003) and memory (Burgess and Ali, 2002).

More important, however, gamma oscillations are widely recognized
as a likely mechanism for temporally integrating the numerous and varied
features of a visual scene, a conundrum commonly referred to as “the
binding problem” (Singer and Gray, 1995). The emergence of gamma syn-
chrony as an integral component of perceptual binding has promising impli-
cations for understanding cognitive mechanisms and, in particular, for
understanding the neuropathology of disorders with perceptual bases such
as migraine visual aura and photosensitive epilepsy (PSE).

Gamma oscillatory power in the visual cortex is maximal in response
to stimulus parameters that are conducive to paroxysmal responses from
the visual cortex. For example, spatial frequencies around 3 cycles per
degree (cpd) induce the highest gamma oscillatory power (figure 13.2a;
Adjamian et al., 2004b) and are also found to be most effective in 
inducing visual illusions, headaches, and EEG abnormalities (Wilkins,
1995). Furthermore, the finding that high stimulus contrast at 3cpd induces
highest gamma oscillatory power (figure 13.2b; Hall et al., 2005) is con-
sistent with the characteristics of stimuli most likely to provoke attacks of
photosensitive epilepsy (Wilkins, 1995; Harding and Jeavons, 1994) (see
plate 18).

The relationship between gamma and cortical hyperexcitability is
further supported by the findings that changes in gamma activity coincide
in duration with visual disturbance in migraine visual aura (Hall et al.,
2004). Further support for the linkage between gamma and GABA has been
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provided by intracranial observations of gamma activity at the onset of
epileptic seizure (Traub et al., 2001).

This hyperexcitability of neuronal activity is thought to be controlled
by the GABAergic inhibitory mechanism (Meldrum and Wilkins, 1984).
Indeed, the treatment of epilepsy is based on the premise that too much
excitation through glutamergic systems, too little inhibition through
GABAergic systems, or both are responsible for epileptic seizures. It is
hypothesized that in patients with intact GABAergic systems, gamma acti-
vity may lead to visual abnormalities without clinical manifestation whereas
in patients with a GABAergic defect gamma activity is a precursor to pho-
toparoxysmal responses (Parra et al., 2003; Adjamian et al., 2004b).

Let us turn now to the neuromodeling approach, which has been used
to artificially link neuronal networks of known properties to the oscillatory
activity observed in magnetoencephalography. For example, Jensen, Hari,
and Kaila, (2002) constructed a model network of 100 Hodgkin-Huxley
type neurons to simulate the electrical activity of a visual cortex inhibitory
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Figure 13.2
Visual gamma and pharmaco-MEG. Modulation of gamma oscillatory activity in
the human visual cortex in response to visual stimulation, showing that peak oscil-
latory power is observed at 3 cpd (a) and 100 percent contrast (b) (Adjamian et al.,
2004b, and Hall et al., 2005). Use of the pharmaco-MEG (c) to observe changes in
beta (15–25Hz) activity in the motor cortex over a 60-minute period following
administration of diazepam. See plate 18 for color version.



network during stimulation; thereby demonstrating a link between the
visual gamma oscillations previously discussed and GABAergic systems. 
In similar work, Jensen et al. (2005) used GABAergic benzodiazepine
diazepam to modulate beta activity in the motor cortex and used a similar
modeling approach, in which excitatory and inhibitory units were included.
They discuss the relationship between real pharmacological modulation of
the MEG signal and a simulated GABAergic motor cortex network. This
approach demonstrates a crossover between the modeling and pharmaco-
MEG approaches. A similar approach using beamformer based analysis
(described in Singh, chapter 12, this volume) expands on the effect of
diazepam on motor cortex beta activity.

Pharmaco-MEG

This emerging methodology affords observation of changes in intrinsic elec-
trical activity, such as ongoing oscillations following administration of a
drug. As previously discussed, Jensen et al. (2005) demonstrated a change
in the oscillatory power of the beta (15–30Hz) band in the motor cortex
following administration of diazepam. A novel beamformer-based phar-
maco-MEG approach called “synthetic aperture magnetometry” (SAM; see
Hillebrand et al., 2005) was used to temporally define the changes in beta
activity in the motor cortex following diazepam administration over 
a 1-hour period (figure 13.2c). Pharmaco-MEG provides the basis for a
pharmacokinetic model of cortical chemistry through observed changes in
intrinsic oscillatory activity Hall et al’s. unpublished results demonstrate
increases in beta synchronous power commensurate with the profile of
diazepam, which reaches maximal availability at 45 minutes to 1 hour after
administration.

Pharmaco-Cognitive MEG

An extension of pharmaco-MEG, this innovative approach takes an estab-
lished cognitive task–related change in electrical activity and observes the
modulation of this activity by altering the neurochemical environment, typ-
ically through administration of a neuroactive substrate, although modula-
tion of the normal environment can be just as informative. For example,
Kasai et al. (2002) used MEG to examine the effects of anxiolytics and hyp-
notics on the mismatch negativity (MMN) response in schizophrenics.
Although they found no significant effects, their study represents yet
another application of pharmaco-cognitive MEG to well-established 
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cognitive experiments and cognitive deficits. Ahveninen et al. (2002) used
a method of depleting the amino acid tryptophan, which results in a 
reduction in brain serotonin (5HT) levels. They used MEG to determine
the effects of reduced serotonin (a neurotransmitter) levels on specific forms
of attention. Finally, related to the described neuromodeling and pharmaco-
MEG research (Jensen et al., 2005; Hall et al, unpublished data), Haueisen
et al. (2000), using MEG and the benzodiazepine lorazepam to investigate
the somatosensory evoked response, demonstrated increased source
strengths in both early evoked and high-frequency components following
lorazepam uptake.

Pharmaco-fMRI

As observed using fMRI, the blood oxygenation level–dependent (BOLD)
response is, per se, a reflection of intrinsic metabolic and therefore low-level
chemical changes in the brain (For a more detailed description of the BOLD
response, see Bandettini, chapter 9, this volume.) Unlike magnetoen-
cephalography, however, functional magnetic resonance imaging infers a
physiological change due to electrophysiological (neuronal) activity; as
such, affords no direct information regarding the specific neurochemical
mechanisms.

On the other hand, by using established observations of spatially dis-
crete, task-dependent changes in cortical activity of cognitive significance,
pharmaco-fMRI examines the effect of specific pharmacological agents 
on this activity (figure 13.1b). This innovative approach can be extended
to conditions of neurological or cognitive deficit to examine the effects spe-
cific medications or to determine underlying chemical mediators of disease.
Although, as discussed under “ Limitations,” the approach has its draw-
backs, pharmaco-fMRI has been used with some degree of success in cog-
nitive investigations. For example, Del Ben et al. (forthcoming), used fMRI
and the selective serotonin reuptake inhibitor (SSRI) citalopram to examine
the involvement of serotonin in neurological disorders such as depression
and anxiety, found evidence of task-specific serotonergic modulation of psy-
chiatric processes. When Horacek et al. (2005) monitored the hemodynamic
response in individuals to the Stroop task and then modulated serum con-
centrations of tryptophan (the precursor to serononin), they observed sub-
sequent modulations in the BOLD response to the same task. Finding that
depletion increased activation in bilateral mediofrontal cortex, they have
postulated that serotonergic medial forebrain pathways play a role in the
activity of cortical structures involved in Stroop-type processing.
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Multimodal Investigation

As discussed at the beginning of this chapter, the technological advances in
functional imaging, particularly over the past decade, have resulted in a
complement of neuroinvestigative modalities with greater range and accu-
racy than could be previously contemplated. As attested by the studies
described in the previous sections, these modalities have been applied to the
extent of their abilities in the pursuit of neuroscientific gain. As a conse-
quence, it is now apparent that the way forward is to integrate these modal-
ities to exploit their collective gain. Therefore, without intending to
diminish the importance of the innovative approaches discussed above, we
consider multimodal investigation, whose emerging importance in eluci-
dating the larger picture of cognition is already abundantly clear, to be the
most promising innovative approach to the chemistry of cognition.

The integration of various modalities has already been instigated in a
number of pharmacoimaging studies. Because the modalities are themselves
constantly evolving, however, the potential for scientific gain from 
multimodal approaches to the chemistry of cognition appears limitless. 
The principal obstacles to realizing this potential lie in the need to combine 
the data from modalities into a comprehensive framework and to create a
spatially accurate method of transfer between modalities, discussed briefly
under “Integration” (for a review of the issues on integrating various data,
see Horwitz and Poeppel, 2002).

These obstacles can be overcome and, indeed, various studies have
done so, at least in part. Thus, when Northoff et al. (2002) combined fMRI
and MEG to investigate the role of lorazepam in emotional processing, they
found that GABAA receptors modulate negative emotional processing in the
orbitofrontal cortex independently of the effects on cortical motor function.
When Nishitani (2003) combined MEG and MRS in a study that used pleas-
ant and unpleasant stimuli to investigate the corresponding electrophysio-
logical and chemical changes, compared to the baseline, he found clear
evidence of event-related synchronization (ERS) and modulation of crea-
tine and choline ratios when compared to the control. In his discussion of
the potential gains of physiological and chemical integrative strategies,
Morris (2002) explores the view that integration of fMRI, MRS, and MEG
provides an ultimate picture of the associated changes in electrophysiolog-
ical response in the brain, enabling researchers both to observe relative
changes in blood supply and glucose metabolism with fine temporal 
accuracy and to achieve a relative quantification of the neurotransmitter
concentrations.
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In a clinical application of multimodal pharmacoimaging, Shih et al.
(2004) found lower N-acetyl aspartate (NAA) and choline ratios in the
MEG-localized “spike zone,” when compared to contralateral regions in a
cohort of patients with temporal lobe epilepsy. We may expect further
progress in this type of work as pharmaco-MEG measures are integrated
with MRS chemical measures in the exploration of oscillatory change, effec-
tively combining the “virtual electrode” (Hillebrand et al., 2005) with the
“virtual biopsy.”

These multimodal studies represent just some of the steps taken
toward a fully integrated strategy for examining brain function. They have
paved the way for integrating PET, MRS, MEG, and fMRI with other
modalities and disciplines such as transcranial magnetic stimulatior elec-
troencephalography, psychophysics, and genetics, facilitating the exchange
of information between human and animal studies.

Limitations

There are a number of factors that limit the ability of researchers using the
neuroimaging techniques discussed in this chapter to reveal the neuro-
chemistry of the underlying cortex. Two principal limitations shared by all
the techniques are (1) they are expensive to acquire; and (2) they require a
high level of aptitude to operate, particularly in the practices described.

Positron Emission Tomography

Because it typically involves the intravenous injection of a radioactive tracer,
PET is considered to be a relatively invasive and risky functional imaging
technique. Its use in healthy participants thus requires greater considera-
tion than most other imaging modalities. Furthermore, due to the radio-
active nature of the tracer, PET experimenters face restrictions on dosage
and repetition frequency. And because typical PET tracers have relatively
short half-lives, PET experiments must also be of short duration, with the
sequence of tracer administration and acquisition being a crucial factor.

The creation of specific PET ligands requires special facilities and
expertise, as do the administration and disposal of the PET tracer. Conse-
quently, the cost per subject of PET experiments is relatively high. More-
over, the technique’s relatively low spatial resolution gives rise to blurry
images, with precise areas of activity difficult to determine. Nevertheless,
these limitations are more than offset by PET’s neurochemical mapping
specificity.
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Magnetic Resonance Spectroscopy

Limitations of this technique revolve around its ability to detect specific
metabolites, with each receiver coil having its own range of detectable
chemicals. This applies not only to 1H MRS, discussed in this chapter, but
to all other types of MRS as well. As we have noted, metabolites must 
be present in sufficient concentrations in order to be detected above the 
neurochemical noise level, a particular concern for functional MRS. Irre-
spective of their concentration, however, the chemical structure of some
compounds, for example, choline compounds inside cell membranes, makes
them invisible to MRS. Moreover, the MRS signal is affected by physical
factors such as the echo time, repetition time, number of averages, voxel
size, and field homogeneity (referred to as the “shim”). The medium itself
also affects MRS spectra: gray matter and white matter have different
metabolite ratios. More important, certain MRS voxels exclude skull or
cerebrospinal fluid because these contain lipid and lactate, respectively (for
details on these limitations, see Danielsen and Ross, 1999).

Magnetoencephalography

As noted above, pharmaco-MEG observes neurochemical changes follow-
ing administration of a particular drug and makes inferences about the
underlying changes in neuronal function and activity. (For a thorough 
discussion of MEG’s technical considerations, see Singh, chapter 12, this
volume.) The technique’s limitations revolve around a central assumption,
that the observed activity is a direct result of the agonistic or antagonistic
properties of the administered drug. This appears to be a reasonably solid
assumption, particularly, for drugs in which the receptor interaction is
known. Because of the complex network interactions involved in brain
function, however, the proportion of the response that arises from a primary
target neuronal population is ambiguous. Essentially, although we can be
sure that the primary target is a contributing factor, we cannot be sure of
the effect of this change on other neuronal populations. Furthermore,
although pharmaco-MEG shows great promise for drug development and
investigation, the application of a novel drug entails a wide range of
unknowns, specifically, with regard to the drug’s effect on the primary target
and on any secondary messengers involved. These limitations can be 
overcome to a great degree, however, by observing concurrent changes in
chemical composition or effect with the integrative approaches discussed
above.
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The limitations of neuromodeling using MEG revolve around the
nature of the neuronal populations being modeled. The proportions of
neurons mediated by various neurotransmitters in the brain are vastly
uneven. Although all types and subtypes of neurons play an undoubtedly
important and integral role in brain function, the proportions of some
neurons (e.g., glutamergic) are far greater than others (e.g., serotonergic).
Moreover, because the brain works on the basis of neuronal network com-
munication, even though we may safely assume that a network of neurons
gives rise to an observed magnetic field, it is highly unlikely that any single
neuronal type within that network gives rise to an observed signal.

Functional Magnetic Resonance Imaging

A principal limitation of pharmaco-fMRI is the unknown effect of a drug
on a neuronal network, given the lack of temporal or spectral information.
Although most networks are gathered within reasonably small areas, the
technique assumes, without clear justification, that any observed regional
effect is the result of a single network. For a magnetic resonance signal to
be observed within a given neuronal population, a significant number of
neurons must be activated; likewise, for a specific drug effect to be observed,
a significant number of the same target neuron type within that population
must be located within a particular cortical density. Although this is unlikely
to present a problem for networks of GABAergic neurons, say, for neurons
of lesser abundance, it limits the observable effect. The greatest problem
facing pharmaco-fMRI, however, is that fMRI measures vasculature-related
changes and that many of the drugs of interest have secondary vasoactive
effects, often potent such effects, for example, serotonergic agonists and
antagonists. Indeed, such interference with the central measurement mech-
anism of fMRI makes the interpretation of pharmaco-fMRI data studies
rather difficult, to say the least (Salmeron and Stein, 2002). This problem
is compounded by the fact that receptor densities in the vasculature show
high regional variability.

Integration

It is clear from this and previous chapters on various neuroimaging modal-
ities that each modality offers a different type of information regarding
brain function. It is therefore clearly advantageous to combine these modal-
ities in any research or clinical neuroimaging study. As previously men-
tioned, such integration requires a localization strategy whereby the two
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(or more) sets of data are transformed into a single coordinate system, 
a procedure referred to as “coregistration.” The integration of fMRI and
MRS is a relatively trivial matter because both modalities rely on a struc-
tural MRI volume, which can be obtained with little difficulty using the
same hardware. On the other hand, the integration of fMRI or MRS with
non-MR modalities is anything but trivial, particularly in clinical applica-
tions, such as presurgical mapping. A number of coregistration methods
have been proposed using fixed markers (Fitzpatrick, West, and Maurer,
1998) and fiducial points based on anatomical landmarks that are first 
identified in both modalities and then aligned (George et al., 1989). Other
methods are based on matching a set of head points obtained from the 
segmented scalp of a subject’s MRI to another set of points obtained by
running a digitizing pen to obtain the subject’s head shape in the MEG coor-
dinate system (Pelizzari et al., 1989). For integration of MEG and MRI, a
successful method is based on anatomical fiducial markers identified in the
MEG coordinate system, which are then coregistered with the MR image
using a surface-matching procedure (Singh et al., 1997; Adjamian et al.,
2004a).

Integration also requires that the different data types be converted into
a coherent and informative format. Because the actual combination of data
types and information often proves difficult, if not problematic, and because
there are no standard approaches, this task is, in general, tackled by each
institution individually (see Horwitz and Poeppel, 2002).

Conclusion

This chapter has provided an overview of some of the neuroimaging modal-
ities that can be used to investigate the chemistry of cognition. We have 
discussed a corner of the broad field of neuroimaging and -recording
approaches, the functional imaging domain, summarizing the experimental
approaches illustrated by selected studies. Furthermore, we have discussed
the integration of these and other modalities, which we believe hold the key
to better understanding brain function in both health and disease. In over-
coming the obstacles posed by integration, we can capitalize on the fact
that multimodal imaging yields more than the sum of its parts.
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