
This excerpt from

Perception, Cognition, and Language.
Barbara Landau, John Sabini, John Jonides and Elissa L.
Newport, editors.
© 2000 The MIT Press.

is provided in screen-viewable form for personal use only by members
of MIT CogNet.

Unauthorized use or dissemination of this information is expressly
forbidden.

If you have any questions about this material, please contact
cognetadmin@cognet.mit.edu.



Chapter 7

Mechanisms of Verbal Working Memory Revealed
by Neuroimaging Studies

John Jonides

In 1970, when I had the privilege of beginning my work with Henry
Gleitman, the study of cognition was in the midst of a vital period. The
reasons for this vitality were many, but among them was the vision that
perception, memory, language, and thinking could be understood by
decomposing cognitive processes into their essential elements. The
tools for this decomposition were chronometric analysis and the analy-
sis of patterns of errors that subjects made in various tasks, both of
which were being applied to a host of problems in the study of cogni-
tion. Henry and I embraced these developments and used these tech-
niques to study processes of item-recognition and short-term memory
in a series of studies that we conducted under the watchful eye of
Henry and Lila Gleitman’s Thursday evening (and often late-night) re-
search seminar.

The strategy of understanding complex cognitive processes by de-
composing them into their simpler parts continues to be widely taught
and learned as an essential skill for students of cognition. At the time of
my graduate education, implementing this strategy most often in-
volved the careful design of behavioral experiments that would reveal
underlying processes in the chronometric or errorful data of subjects. In
the hands of clever psychologists such as Henry and Lila, this strategy
yielded insights into a wide variety of cognitive processes. In the ensu-
ing years, the strategy has been broadened while still maintaining its
essence. The first significant broadening involved the widespread use
of computer models as ways of further defining and refining concep-
tions of elementary processes and how these combine to yield cogni-
tion. The second significant broadening is the one that is the current
focus of much interest among students of cognition: the use of neu-
roimaging techniques to reveal brain processes that mediate cognitive
processes. These techniques allow us to go well beyond merely localiz-
ing processes to various brain areas; in combination with behavioral
data on normal and brain-injured humans and in combination with suit-
able data from invasive studies of animals, neuroimaging studies can ac-



complish the same goal that we had in 1970: to decompose cognitive
processes into their elementary components. In short, neuroimaging
techniques provide another modality of data for understanding cogni-
tion.

To illustrate how the use of neuroimaging has enriched the study of
cognition, I shall briefly review the results of a program of research con-
ducted by Ed Smith, me, and our colleagues in recent years. We have
been investigating what is now called working memory. The reason for
focusing on working memory is simple: Various lines of evidence make
it clear that working memory is an essential component of cognition in
that it participates in such skills as problem solving, reasoning, catego-
rization, and language comprehension. Indeed, an individual’s work-
ing-memory capacity (if measured in the right way) has been found to
correlate with a large variety of complex cognitive skills (see, e.g.,
Carpenter, Just, and Shell 1990; Daneman and Merikle 1996; Kyllonen
and Christal 1990). Furthermore, it has been shown repeatedly that a
decline in working memory with normal aging and with various brain
pathologies is an important predictor of declines in performance in
problem solving and reasoning, showing again that working memory is
critical to cognitive life (see, e.g., Salthouse 1993). In short, the phenom-
ena of working memory are examples of the sort of “big effects” that the
Gleitmans advocated as worthy topics for intense research.

We define working memory in a canonical way. It is the memory sys-
tem that keeps active a limited amount of information for as long as one
continues to work with that information. The information in working
memory is easily and readily accessible, and it is subject to frequent up-
dating or substitution by new information. Finally, the feature that dis-
criminates the concept of working memory from earlier conceptions of
“short-term” or “primary” memory is that information held in working
memory is subject to processing in various ways by what Baddeley
(1986, 1992) and others have called executive processes. It is in this
sense that working memory goes beyond mere storage; it involves the
manipulation of information that is stored as well.

Our research group has devoted itself to several issues concerned
with working memory; here we review research concerned with two of
these. One concerns the architecture of the working memory system it-
self and whether this system consists of several subcomponents con-
cerned with storage, rehearsal, and manipulation of information that is
stored. On this issue, much of our research has concentrated on work-
ing memory for verbal information. A second issue is whether working
memory is a single system or whether it consists of several subsystems
each tied to the processing of different sorts of information.
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The Architecture of Verbal Working Memory

In his influential model of working memory, Alan Baddeley (1986, 1992)
proposed that working memory for verbal information consists of three
components. One is a buffer responsible for the temporary storage of
verbal codes. A second is a rehearsal mechanism that recirculates infor-
mation in the verbal buffer for the purpose of preventing decay or inter-
ference. A third is a set of processing mechanisms, collectively called the
central executive, that are capable of manipulating the information
stored in the buffer (including rehearsing it). Evidence for a dissociation
between storage and rehearsal processes has come largely from behav-
ioral studies of normal and brain-injured subjects. Although this evi-
dence is compelling, it is not decisive (see Jonides et al. 1996 for a
review), and so we have conducted experiments using neuroimaging
techniques to try to identify the subcomponent processes of working
memory.

One experiment makes use of a paradigm that recruits all the com-
ponents of working memory (storage, rehearsal, and executive), the
“n-back” task. In this task, subjects are presented a series of single let-
ters; as each is presented, subjects must decide whether it matches the
one that was presented n items back in the series. In an experiment from
our laboratory reported by Awh, Jonides, Smith, Schumacher, Koeppe,
and Katz (1996), n was set to 2. A schematic of the memory condition of
the task is shown in the top panel of figure 7.1. The panel illustrates that
letters were presented for 0.5 sec. each with 2.5 sec. intervening between
successive letters; subjects engaged in the memory task for a continuous
period of approximately 60 seconds while they reclined in a PET scan-
ner. Note that successful performance in this task requires storing in
memory a constantly changing set of at least two letters, the “oldest” of
which must be compared with the currently presented letter. Thus the
task requires both storage of verbal information as well as processes
that must update this information continuously.

Of course, performance in this memory condition also includes pro-
cesses of perception and response, processes that were not the targets of
our interest in this experiment. The typical strategy for eliminating the
effects of such processes on brain activations in a neuroimaging experi-
ment is to test subjects in a second condition that includes only these an-
cillary processes, by hypothesis, and then to subtract the brain
activations from such a control condition from the condition of interest.
We recognize that this “subtraction” strategy has earned some well-
deserved criticisms, and we address this issue below. Nevertheless, we
followed this strategy by also testing subjects in a memory control
condition, shown in the second panel of figure 7.1. In this condition,
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subjects were presented with a series of letters, but they responded pos-
itively only if each letter matched a fixed target letter for which they
searched on that trial (say, “P”). Activations from this control condition
were subtracted from those in the memory condition. The results re-
vealed activation in anterior parts of the cortex: in Broca’s, supplemen-
tary motor, and premotor areas. In addition, there was activation in
posterior parietal cortex in the superior parietal lobule and supramar-
ginal gyrus.

The anterior sites that were activated in this task have been claimed
to be part of a circuit (including the cerebellum, which also showed ac-
tivation) that is responsible for rehearsal (Paulesu, Frith, and Frack-
owiak 1993); indeed, this is quite sensible in that some or all of these
sites are involved in the production of explicit speech as well. The pos-
terior sites have been implicated in storage and selective attention
processes required in this task. How can one confirm these putative
functions? Paulesu et al. (1993) provided some evidence for the re-
hearsal function of the anterior sites by showing that these sites were
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Figure 7.1.
Schematics of the three tasks used in the experiment by Awh et al. (1996).



also activated in another task in which judgments of rhyming were 
required, judgments that presumably also engage internal language-
production mechanisms (see the chapter by Reisberg in this volume for
additional evidence about such judgments). Furthermore, the site we
found activated in the supramarginal gyrus of parietal cortex is the
most common site of damage in patients who suffer deficits in verbal
memory span (McCarthy and Warrington 1990), suggesting that it may
be involved in storage of verbal material. Also, the site in the superior
parietal lobule has been implicated as a region involved in shifts of at-
tention from one item of material to another in many tasks, as shown by
a parallel between this site and sites that are activated in tasks in which
explicit shifts of attention are required (see Awh and Jonides 1999 for a
review). So there is circumstantial evidence for the functions that we
claim.

Beyond this, Awh et al. (1996) included a second rehearsal control
condition in their experiment that allowed them to test for the rehearsal
function of the anterior sites. It is schematized in the third panel of fig-
ure 7.1. In this condition, subjects were again shown a sequence of indi-
vidual letters, and they were instructed to rehearse each one silently
until the next one appeared; then they were to rehearse the next one,
and so on. This condition requires internal speech, and so subtracting
the activation due to this condition from that due to the memory condi-
tion should diminish activation in anterior sites but not in posterior
ones if the anterior ones in the Memory condition are, indeed, responsi-
ble for rehearsal. In fact, this is just what Awh et al. (1996) reported.
Thus it appears that experiments using neuroimaging technology can
provide corroborating and converging evidence for claims rooted in be-
havioral data as well as provide information on the brain areas that are
the substrates of working memory.

Note that the experimental rationale underlying the application of
neuroimaging techniques owes a great debt to the experimental ratio-
nale first articulated by Donders (1868) for the study of reaction times, a
rationale discussed and debated at great length in our research semi-
nars some one hundred years after Donders described it. Donders ar-
gued that if one could construct two tasks such that the first contained
all the processing components of the second plus an additional one,
then the difference in reaction time between the two tasks should be a
relatively pure measure of the time required for the additional process
required by the first task. In a similar fashion, much neuroimaging re-
search has relied on subtracting the activation of one or more control
tasks from an experimental task of interest, as illustrated above, to re-
veal activation due to processes of interest that are required by the ex-
perimental task. Just as the rationale due to Donders has been called
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into question, so also can one raise questions about the validity of as-
suming that the activations due to selective processes can be subtracted
out of a neuroimaging experiment without affecting activations due to
other processes (see Jonides et al. 1997). The issue here is much the same
one that occupied us in the 1970s: finding a way to isolate in data the ef-
fects of certain variables that have an impact on experimental per-
formance. In the 1970s the data that concerned us on this score were 
reaction times and errors; in neuroimaging research they are patterns of
brain activation that result from some task.

One experimental strategy that goes beyond the subtraction method
relies on parametric variation of some variable of interest (in some
ways, mimicking the strategy first applied by Sternberg (1966, 1969) to
the analysis of chronometric data). We have implemented this strategy
for the study of the components of verbal working memory in several
experiments (Jonides et al. 1997; Braver et al. 1997; Cohen et al. 1997).
Our work is based on the paradigm illustrated in figure 7.2. The figure
reveals various versions of the n-back task, in which n is varied system-
atically. In the most demanding version, shown at the top of the figure,
subjects must decide whether each letter matches in identity the one
that appeared 3-back in the series. We also included 2-back and 1-back
versions in other conditions, and we included a 0-back condition simi-
lar to the condition used by Awh et al. (1996) as a control; in the 0-back
condition, subjects were provided a single letter-target at the beginning
of a trial, and they were to respond positively any time that letter ap-
peared anywhere in the series that was presented on that trial. The de-
sign shown in figure 7.2, therefore, implements a systematic variation of
task load in a working memory task. We collected PET scans for each of
the conditions shown in figure 7.2, and we also collected PET data for a
baseline control condition not shown in the figure in which a series of
letters was presented, and subjects simply responded with a keypress
when each letter was shown; there was no memory requirement at all.
This baseline control condition served as a way to subtract from each of
the memory conditions the activation that was due to idiosyncratic dif-
ferences in brain activity among subjects. The main comparisons in the
experiment, however, did not rely on subtraction methodology; rather
they relied on a comparison of activation in various regions across vari-
ations in task load.

Figure 7.3 reveals that, as expected, increases in task load produce a
decrement in performance. This decrement appears as an increase in re-
sponse time as well as a decrease in accuracy. The decrement in perfor-
mance is accompanied by strikingly parallel changes in brain activation
with task load at each of several sites, as shown in figure 7.4. The data in
this figure were accumulated by taking regions of activation and deacti-
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vation (that is, where the control condition shows less activation than
the experimental condition and where it shows more activation, respec-
tively) that had been previously identified with verbal working mem-
ory tasks (from the studies of Awh et al. 1996 and Schumacher et al.
1996). We then found levels of brain activation in the present data for
each of these regions. The average activation in each of these regions
was then plotted as a function of task load, and this is what is displayed
in figure 7.4. The most striking feature of the data in this figure is that
there is an overwhelming tendency for brain activation to increase 
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monotonically as task load increases, and for deactivation to decrease
monotonically with task load (confirmed by statistical analysis: Jonides
et al. 1997). Thus there is reason to suspect that the activations and de-
activations that are shown in figure 7.4 are systematically related to the
memory requirements of the task. Note that these changes occur in
many regions, as the functions in figure 7.4 reveal. The presumption is
that increases in activation reflect increased brain activity that is re-
quired by a task; likewise, decreases in brain activation in selected re-
gions reflect requirements for inhibition of brain activity in those
regions. The specific account of which regions increase and which de-
crease is beyond the scope of this review. Here we merely highlight that
brain activation in many regions is systematically related to the require-
ments of the task.

Of course, one might argue that the variation in brain activation with
task load shown in figure 7.4 is merely a reflection of increased overall
effort as task load increases, and not selectively related to processes
having to do with the memory requirements of the tasks per se. This ar-
gument is laid to rest by examining other areas of the brain that should
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Figure 7.3.
Reaction time and error data from the experiment of Jonides et al. (in press) plotted as a
function of memory load.



not be recruited by memory processes: occipital areas that are involved
in visual processing, somatosensory areas that are not relevant to the
task, and primary motor areas whose activation should not vary with
task load. The activations for these regions as a function of task load are
displayed in figure 7.5, which shows that there is no systematic varia-
tion in brain activation in these regions as the memory task increases in
difficulty. The contrast between the functions in figure 7.5 and those in
figure 7.4 suggests that the areas identified in figure 7.4 do, indeed, re-
flect memory-sensitive processes that are active during these tasks.

Note that the outcomes of parametric studies of working memory
validate findings reported using the subtraction methodology based on
the logic of Donders. That is, the various regions of activation shown in
figure 7.4 and in other studies using parametric techniques are just the
ones, by and large, that show significant activation in subtraction para-
digms such as the one described above from our laboratory (Awh et al.
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Figure 7.4.
Brain activations (above the horizontal line) and deactivations (below the line) for 
memory-related areas plotted as a function of memory load from the experiment of
Jonides et al. (in press). Each function corresponds to one region of activation (labeled by
its number according to the system of Brodmann or by anatomical structure). The identi-
fied regions are those that showed significant activation in a previous study using a sim-
ilar task (see text).



1996). Thus, although one must exercise caution in using subtraction
logic and in interpreting the results of such experiments, the outcomes
of experiments on working memory that have used this logic seem to be
replicated in experiments with parametric experimental manipulation
of relevant variables.

Another contribution of the parametric method is that it provides an
opportunity to examine details of the “dose-response” curves that re-
sult, such as those shown in figure 7.4. We have exploited this property
of parametric designs both in the experiment described above and in
experiments using this paradigm with functional MRI as the imaging
modality (Braver et al. 1997; Cohen et al. 1997). Functional MRI mea-
surements permit a more detailed examination of brain activation pat-
terns because they provide somewhat greater spatial resolution as well
as an opportunity to examine the temporal dynamics of processes
within a single experimental trial.

Consider, for example, an experiment in which we varied memory
load in an n-back task while stretching out the retention interval on each
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Figure 7.5.
Brain activations for motor, visual, and somatosensory areas plotted as a function of
memory load from the experiment of Jonides et al. (in press). The areas shown in the fig-
ure were identified by placing regions-of-interest on primary visual, motor, and so-
matosensory areas of the brain and calculating the activations in those regions.



trial so that we could examine the dynamics of activation in various
brain regions during that retention interval (Cohen et al. 1997). The de-
sign is much like that displayed in figure 7.2, but the delay interval be-
tween successive letters in each condition was increased to 10 seconds.
This permitted us to collect four scans of the entire brain, each one oc-
cupying a 2.5-second interval during the time between letters. Thus
level of brain activation could be assessed four times during the interval
when subjects were engaged in the working memory task.

The value of this technique is revealed by examining the results of the
experiment. Examine first figure 7.6, which shows the activations that
were obtained in a region of extrastriate occipital cortex. The four func-
tions in the figure correspond to the four conditions of memory load (0-,
1-, 2-, and 3-back). Each function has four points, each corresponding to
an activation for one of the four recording intervals during the retention
period. Note the four functions lie fairly close to one another and that
there is little systematic effect of memory load. However, the four func-
tions are also all noticeably bowed. This can be taken to mean that as
time passed during the retention interval, the amount of activation in-
creased in this region of occipital cortex and then declined. Why should
this be so? The most reasonable interpretation is that these functions all
reveal the activation that was caused by presentation of a stimulus let-
ter. The activation rises over the course of the first 7.5 seconds of the 
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Figure 7.6.
Activations from a region of extrastriate occipital cortex as a function of the time of
recording during retention interval (from the experiment of Cohen et al., in press).



retention interval because the hemodynamic signal that is recorded by
fMRI (corresponding to the neural signal that is tied to the increase in
blood flow) is delayed relative to the neural event that causes it. By this
interpretation, the functions in figure 7.6 reveal that fMRI recordings
can be sensitive to early processes of encoding, and that these processes
are not particularly sensitive to the memory load of the task.

Examine now the activations in figure 7.7. This figure shows func-
tions analogous to those of figure 7.6, but for activations recorded in a
region of dorsolateral prefrontal cortex in the right hemisphere. Note
that the pattern of data in this figure differs markedly from that in figure
7.6. First of all, the functions are not at all bowed in shape. That is, acti-
vations for all levels of memory load appear to be quite steady through-
out the retention interval, not transient, as they are in occipital cortex.
Notice also that in prefrontal cortex there is a dramatic effect of memory
load on activation level. As the figure indicates, the 2-back and 3-back
tasks resulted in substantially more activation throughout the retention
interval than did the 0-back and 1-back tasks. The sustained nature of
this activation and its sensitivity to memory load suggest that this area
of prefrontal cortex is somehow involved in the maintenance of repre-
sentations in working memory. This may be via direct storage of in-
formation or via some more indirect role. For example, regions in 
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Figure 7.7.
Activations from a region of dorsolateral prefrontal cortex as a function of time of record-
ing during the retention interval (from the experiment of Cohen et al., in press).



prefrontal cortex may serve as pointers to other regions of the brain
(possibly posterior regions) that are the sites of information storage.
Whatever the specific role of these prefrontal structures, it is clear from
data such as those of figure 7.7 that the activation of prefrontal cortex
during the n-back task is not transient in nature. It might have been so if
prefrontal cortex were involved strictly in executive functions such as
updating the contents of working memory or temporally tagging letters
as they are presented. In both of these cases, one would have expected
the activation to be transient in nature, quite different from the data that
were obtained.

These data indicate the potential that neuroimaging studies have for
extending our knowledge of cognitive mechanisms. In connection with
the sort of behavioral data that one can gather from working memory
studies, neuroimaging data are proving helpful in specifying the vari-
ous component mechanisms that contribute to complex cognitive phe-
nomena.

Differing Subsystems of Working Memory

A central issue in the study of working memory has been whether it
consists of a unitary processing system or whether it is composed of
several subsystems. One line of evidence that has been illuminating
about this issue comes from studies of brain-injured patients. There is
evidence, reviewed in detail by Jonides et al. (1996), among others, that
there are multiple subsystems of working memory defined by the type
of information that is maintained. For example, there are reports of pa-
tients who have deficits in verbal working memory with no deficits in
working memory for spatial information; by complement, there is a re-
port of a patient who has a deficit in spatial but not verbal working
memory.

In support of this distinction, there is also evidence from strictly be-
havioral studies of a dissociation between subsystems of working
memory defined by the type of information that is processed. The be-
havioral technique that has been used to provide evidence for this claim
involves experiments in which subjects engage in one or another work-
ing memory task while a second (presumably interfering) task is per-
formed. The logic of these experiments is this: If secondary tasks can be
found that require the use of one or another internal code for informa-
tion that is processed, then they should selectively interfere with a pri-
mary working memory task to the extent that that primary task makes
use of the same code. For example, a secondary task that engages a
phonological code should interfere with verbal working memory if ver-
bal working memory also requires the use of a phonological code; but it
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should not interfere with spatial working memory if that subsystem
uses a code that is not phonological. Likewise, a secondary task that
makes use of a spatial code should interfere with spatial working mem-
ory but not verbal working memory. Various experiments have imple-
mented this rationale (see, e.g., Meudell 1972; Salthouse 1974; Logie,
Zucco, and Baddeley 1990; Logie 1995), and they have led to the view
that working memory is, indeed, composed of several subsystems de-
fined by the type of information that is processed.

These lines of neuropsychological and behavioral evidence are not
immune to criticism, however. Experiments on neuropsychological
populations about the dissociation of different working memory sub-
systems are limited to precious few patients, who are often tested on
tasks that may not purely recruit one or another working memory sub-
system. As for selective interference experiments testing normal sub-
jects, it is often difficult to justify the assumption that a secondary task
has a truly selective interfering effect on a primary task. There may be
several sites of interference (see Jonides et al. 1996 for a detailed discus-
sion). Consequently, we sought a line of evidence from neuroimaging
studies of working memory that might converge with the behavioral
evidence to address the issue of whether working memory is best con-
ceptualized as a set of subsystems rather than a single system of infor-
mation processing.

The details of our experiments are reported elsewhere (Jonides et al.
1993; Smith and Jonides 1995), but it is instructive to examine one ex-
ample to see how neuroimaging evidence can strengthen the case for
separable working memory subsystems (Smith, Jonides, and Koeppe
1996). Consider the pair of tasks illustrated in figure 7.8. Each panel
shows schematics of the events on typical trials of the spatial and verbal
memory conditions respectively; both conditions involve a 3-back task,
with the nature of the memorandum differing between conditions. In
the spatial memory condition, subjects saw a stream of letters with the
letters appeared in varying locations on the screen. The subjects’ task
was to answer positively (via a button-response) if a letter’s location
matched the location of the one that appeared three back in the se-
quence; if not, they were to answer negatively (via another button-
response). Similarly, the verbal memory condition also required sub-
jects to match the current stimulus to the one that was 3-back in the se-
quence; however, in this case they were to match letters on their
identities regardless of their spatial locations. Thus, in both tasks, sub-
jects had to keep in working memory information about several previ-
ous stimuli, they had to match the current stimulus against the one that
appeared 3-back in the sequence, and they had to update the contents of
their memories with each succeeding stimulus presentation. The major
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difference between the conditions was in the sort of information that
was stored in memory: In the spatial memory condition it was loca-
tional information, and in the verbal memory condition it was identity
information (storing a visual code for each letter would not suffice in
the verbal memory condition because the case of the letters haphaz-
ardly varied from upper to lower).

We collected data for each of these two memory conditions while
subjects reclined in a PET scanner. The scanning recorded all the brain
areas that were activated during any portions of these tasks. To focus on
the processes specifically involving memory, we also tested subjects in
control conditions whose activations were then subtracted from those
of the memory conditions. In the spatial control condition, subjects
were shown three locations on the screen prior to a sequence of stimuli
such as those shown in the top panel of figure 7.8, and they were to re-
spond positively anytime any letter appeared in any of these positions;
otherwise, they responded negatively. Likewise, in the verbal control
condition, they were shown three letters, and they responded positively
anytime any of these appeared.

The brain activations that resulted from the subtractions of the con-
trol from the memory conditions revealed both substantial overlap in
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activations between conditions and substantial differences. Generally
speaking, there was bilateral activation in both spatial and verbal tasks
in both anterior and posterior regions of the brain. Beyond this,
though, there was evidence that the spatial task activated some struc-
tures in the right hemisphere more than in the left; in a complementary
way, the verbal task activated regions in the left hemisphere more than
in the right.

Other than this noticeable difference between the tasks, there was
considerable similarity in the regions activated. There was clear activa-
tion in two regions of posterior parietal cortex, one more lateral than the
other, similar to some of the results described above. Also, there was ac-
tivation in dorsolateral prefrontal cortex, also similar to results pre-
sented above. And there was evidence of activation in inferior frontal
gyrus in the left hemisphere in the verbal task, an indication of the in-
volvement of verbal rehearsal in this task.

For present purposes, our interest in this experiment is in its demon-
stration of different patterns of activation as a function of whether the
material to be retained was verbal or spatial in nature. Although the
overall circuitry revealed in these two conditions was similar, there
was, as noted above, a dissociable pattern of activation with spatial ma-
terial engaging the right hemisphere more than the left and verbal ma-
terial engaging the left more than the right. Note that this pattern was
obtained in an experiment in which the physical stimuli were nearly
identical in the two memory conditions, rendering it unlikely that the
different patterns of activation were a function of perceptual process-
ing. We conclude that the different patterns are instead a reflection of
different underlying circuitry for spatial than verbal working memory.
This result, then, confirms and extends the data from neuropsychologi-
cal and behavioral experiments and adds currency to the hypothesis
that working memory is best characterized as a set of subsystems, each
responsible for the processing of different sorts of information.

A Closing Reflection

Experiments such as those I have described are in the forefront of the
news in cognitive psychology these days. They are there because neu-
roimaging techniques make it seem as if the often vague and ephemeral
constructs of psychological theory can now be displayed in neural tis-
sue. There is a certain excitement in being able to palpate something
that was previously only imaginable, to see a functioning process on a
computer display of brain activation where previously that process was
only inferred from patterns of reaction times and errors. This is a lively
development in the science. However, there are reasons beyond this to
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value data from neuroimaging laboratories, and these reasons are mere
extensions of the ones that guided the discussions in the Gleitmans’
Thursday evening research seminars (which the clock suggested were
endless, but which ended all too soon each week). Neuroimaging tech-
niques can be applied, as our research suggests, to the identification of
components of cognition and to the detailed description of the archi-
tecture of these components. In this way, it is valuable to conceive of
neuroimaging data as an additional modality of insight into the phe-
nomena of cognition, one that can supplement and enhance the behav-
ioral study of normal and brain-injured humans.
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