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Abstract

For cognitive neuroscience to go forward a more explicit effort is needed to use neurophysiology to constrain how the brain produces
human mental functions. This review begins with the suggestion that two fundamental features may be critical for this effort. The first is the
connectivity of the brain, which occupies an intermediate position between complete redundant interconnections and independence. The term
semiconnectedis presented as a designation, which is an obvious derivation of the term semiconductors as used in engineering. The second is
transient response plasticitywhere a given neuron or collection of neurons may show rapid changes in response characteristics depending on
experience. Response plasticity is a ubiquitous property of the brain rather than a unique characteristic of “neurocognitive” regions. These
two properties may be brought together when brain areas interact such that theiraggregatefunction embodies cognition. Three examples are
used to illustrate these general principles and to develop the idea that a particular region in isolation may not act as a reliable index for a
particular cognitive function. Instead, theneural contextin which an area is active may define the cognitive function. Neural context
emphasizes that the particular spatiotemporal pattern of neural interactions may hold the key to bridge between brain and mind.q 2000
Elsevier Science Ltd. All rights reserved.
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Throughout the history of cognitive neuroscience, there
has been an ongoing debate as to whether mental operations
are localized to discrete brain regions or represented by
distributed networks of brain areas. Modern neuroimaging
tools, such as positron emission tomography (PET) and
functional magnetic resonance imaging (fMRI), provide
an opportunity to assess these alternatives because activity
can be assessed across the entire human brain. The activity
maps produced from neuroimaging studies hint that cogni-
tive function is a distributed property. In fact, contemporary
theoretical writings seem to agree that cognitive functions
arise from the action of distributed networks in the brain
(Baars, 1993; Friston, 1997a; Heinze, Matzke, Dorfmueller,
& Smid, 1997; John, Easton, & Isenhart, 1997; Mesulam,
1990; Mountcastle, 1979), yet few have clearly worked out
how to use this idea to study the link between brain and
cognition.

One possible reason for the difficulty in building the link
is that many cognitive neuroscience investigations do not
take neurophysiology into account when interpreting data.
Inconsistencies in the identification of “neurocognitive”
systems across studies may reflect a fundamental character-

istic of the nervous system rather than an error in experi-
mental design (Poeppel, 1996). This problem is not a new
one. Russian physiologists, like Pavolv, early in the 20th
century noted that few attempts at mapping brain structure
to function attempted to account for the physiology of the
system. Bethe (1931) suggested that quite a different picture
of the functional organization of the brain would emerge if
the physiology of the nervous system were considered
instead of the behaviour that emerges from it. A similar
critique was put forth by Lashley (1933) and has seen
some revival in recent works (Friston et al., 1996; Gaffan,
1996; Magistretti, Pellerin, Rothman, & Shulman, 1999;
McIntosh, 1998).

If we were to take account of the properties of the nervous
system in the study of cognition, what features need to be
considered? The purpose of this paper is to suggest that two
dominant features, connectivity and plasticity of response,
are key to the understanding of how cognition results from
the operations of the brain. The paper is structured by first
discussing the physiological expression of these features
and how they may underlying cognitive functions when
the actions of several brain regions are combined through
their interactions. It then goes on to illustrate how these
features serve to guide analysis and interpretation of neuroi-
maging studies with three examples: one concerns additivity
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of cognitive and behavioural functions, one concerns cross-
modal sensory learning and the final concerns the relation of
awareness and learning to cortical network operations.
Common through all these examples is the theme of
dynamic network operations where the functional relevance
of regional involvement depends on the patterns of interac-
tions within large-scale networks.

1. Connectivity maximizes flexibility of information
processing and representation

One prominent feature of the brain is connectivity.
Neurons are linked to one another both locally and at a
distance. Most other systems in the body show some capa-
city for cell to cell communication, but the nervous system
appears to be specialized for rapid transfer of signals.
Physiologically, this means that a single change to the
system is conveyed to several parts of the brain simulta-
neously and that some of this will feed back onto the initial
site. There are obvious extremes to just how “connected” a
system can be. The nervous system occupies some inter-
mediate position in the spectrum from complete intercon-
nectivity to complete independence. Local cell networks are
highly interconnected, but not completely so, and this means
that adjacent cells can have common and unique connec-
tions. The termsemiconnectedis used to designate this
particular property of local cell networks. The networks
themselves can be thought of as semiconnectors, especially
in as much as their function, as discussed below, is not only
to mediate the signal between different cerebral regions but
also to modulate the signal, in keeping with the specific
properties of different semiconnectors. In information-theo-
retic terms, local cell networks (semiconnectors) act as
noisy communication channels.

One consequence of the semiconnectivity of a local
network is a certain degree of redundancy of responses
(“degeneracy” in Edelman’s terms (1978) — see also
Tononi, Sporns, and Edelman (1999). The term ‘semicon-
nectivity’ is preferred to ‘degeneracy,’ because in biology
the latter term implies reversion to a less highly organized or
simpler state of affairs.) The concept of semiconnectivity
allows, at the level of local circuits, for adjacent neurons to
have the same response properties (e.g. orientation columns
in primary visual cortex) whereas neurons slightly removed
may possess overlapping, but not identical, response char-
acteristics. Broad tuning curves are characteristic for most
sensory system cells and cells in motor cortices (Bakin &
Weinberger, 1990; Desimone & Schein, 1987; Georgopou-
los, Schwartz, & Kettner, 1986). The width of the curves, or
degree of overlap, is modifiable; I will return to this feature
in the next section. The broad tuning curves result from
semiconnectivity, where cells share some similar and
some unique connections. The noise fluctuations inherent
to the biological systems also shape responses (Collins,
Chow, & Imhoff, 1995; Douglass, Wilkens, Pantazelou, &

Moss, 1993), but that is not critical to the point developed
here.

Connections between local ensembles are more sparse
than the intra-ensemble connectivity. Estimates of the
connections in the primate cortical visual system suggest
that somewhere between 30–40% of all possible connec-
tions between cortical areas exist (Felleman & Van Essen,
1991). Recent simulation studies show that this sparseness is
a computation advantage for the nervous system in that it
allows for a high degree of flexibility in responses at the
system level (Friston, 1997b; Tononi, Sporns, & Edelman,
1992). A system that has reciprocal and sparse connections,
like the brain, is able to integrate a great deal more informa-
tion than a system that is completely interconnected or one
where regions are arranged hierarchically.

2. Transient response plasticity in the CNS is ubiquitous

Neural plasticity is an established phenomenon. Follow-
ing central or peripheral damage there is profound reorga-
nization of the nervous system (Hubel &Wiesel, 1965;
Merzenich et al., 1983; Pons et al., 1991). Reorganization
also can be observed after prolonged training (Karni et al.,
1995). The plasticity considered here is more short-lived.
Cells can show a rapid shift in response to afferent stimula-
tion that is dependent on the context in which they fire. This
transient response plasticityoccurs over a much shorter
time-scale compared to recovery from damage. Transient
plasticity is typically considered to be a property of
higher-order brain regions only, which thus specializes
them for cognition (Mesulam, 1998). However, physiologi-
cal investigation has consistently shown transient plasticity
in the earliest parts of the nervous system (Morrell, 1961). If
an auditory stimulus acquires some meaning, auditory
cortex cells will respond more vigorously to the tone (Wein-
berger & Diamond, 1987). Even cells that do not respond to
the tone prior to learning become more responsive to the
tone after learning. Tuning curves that previously peaked at
a different frequency, shift towards that of the conditioned
tone. Transient plasticity of responses in relation to learning
and memory have been observed in several parts of the
brain, from single cells in isolate spinal cord preparations
(Wolpaw & Lee, 1989) to primary sensory and motor struc-
tures (Donoghue & Sanes, 1994; Recanzone, Schreiner, &
Merzenich, 1992). The changes can occur within a few
stimulus presentations (Edeline, Pham, & Weinberger,
1993; Molchan, Sunderland, McIntosh, Herscovitch, &
Schreurs, 1994). Transient plasticity may be a ubiquitous
property of the central nervous system (Wolpaw, 1997).

Neurophysiological studies show that the brain is
specially designed to modify its responses depending on
prior experience at all levels of organization. Thus, one
feature rudimentary to cognitive operations, namely plasti-
city, can be observed in many parts of the brain. This poses a
problem for the idea that what distinguishes a cognitive
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from a non-cognitive brain area is plasticity of response
(e.g. Mesulam, 1998). Taken further, it would also contra-
dict the view that higher cognitive functions, such as
memory, are mediated by specific systems in the brain
that are dissociable from systems for sensory and motor
functions. Cognitive function may instead be determined
by how the properties of different regions are combined,
or aggregated, through interregional interactions rather
than by the involvement of any specific region.

3. Aggregate properties of neural populations

The idea of “neural aggregates” has some history and has
been used to characterize brain theories that strike an inter-
mediate position between strict localization of function and
a holistic approach. Aggregate theories acknowledge that
certain functions, usually sensory and motor, may be loca-
lizable, but higher-order function results from the
combined, or aggregate, operations of several areas (Lash-
ley, 1929). Recent examples of aggregate theories state that
cognitive processes result from the integration of function-
ally specialized areas (Friston, 1997a; Tononi et al., 1992).
There does not seem to be much disagreement in the cogni-
tive neuroscience community about this statement. Most
imaging researchers will make general statements about
integrated functional systems (Fletcher et al., 1995;
Haxby, Ungerleider, Horwitz, Maisog, & Grady, 1994;
Kanwisher, McDermott, & Chun, 1997; Posner & Raichle,
1994; Shulman et al., 1997). But, for the most part, the
results tend to then be discussed in a manner more consistent
with localization by attempting to attribute a cognitive func-
tion to activated areas rather than the aggregate.

An aggregate function results from some combination of
subordinate elements. A symphony provides a good illustra-
tion. When a collection of musical instruments is played in a
coordinated manner, the aggregate function is the symphony
that flows and has a recognizable structure and coherence.
Each instrument of the orchestra plays a particular part of

the symphony, and elements of the symphony are detectable
in the isolated instruments. However, the aggregate is much
richer than a particular element. This same relation is likely
to be in operation in the nervous system. Single neurons
may show distinct patterns of activity that separately may
not seem to represent anything cohesive. If the examination
is moved to the level of small neuronal groups, responses
reflecting fundamental properties such as learning, memory,
and attention emerge, albeit with a limited repertoire. Activ-
ity patterns that seem to be consistent with learning and
memory functions can be observed in the hippocampus
(Wilson, Riches, & Brown, 1990; Wilson & McNaughton,
1994) or prefrontal cortex (Fuster, 1995; Goldman-Rakic,
1990; Watanabe, 1992), although the complete expression
of this operation requires the contribution of other
connected areas. Attentional modulation can be observed
in visual cortices, but the modulatory effect likely comes
from the influence of other brain regions (Buchel & Friston,
1997). Because neural ensembles can communicate, the
combined action of a neural population of several thou-
sands, or millions, results in a coherent pattern that “repre-
sents” features of the environment. Moreover, the
population will have a richer repertoire since subtle changes
in the spatiotemporal pattern would signal a different repre-
sentation. Returning to the symphony allusion, if the instru-
ments played the identical parts, but in a different order, the
nature of the symphony changes. So too would be the case
for the nervous system, which emphasizes the temporal
dependency of neurocognitive function.

An aggregate property should not be confused with an
emergent property. Emergent properties are those that are
not evident in the subordinate constituents. For example,
temperature is an emergent feature of molecule movement,
but a given molecule alone does not have a temperature. For
an aggregate, the constituents will show some features of the
larger aggregate.

Finally, some symphonies will emphasize particular
instruments in solos or as the primary part of a work. A
violin, for instance, may play a lead in one orchestral
piece, but in another it serves to set the “tone” of the
work. In isolation, the sound of the instrument has not chan-
ged, but in thecontextof the entire orchestra, that same
instrument may play several different roles depending on
the accompaniment of other instruments. For the brain,
the role of the region in cognition is determined by how it
interacts with other regions-theneural context. The neural
context is a direct result of the organizational features of the
nervous system. Fig. 1 demonstrates this latter feature where
cell ensembles that respond to one feature overlap with
ensembles that code another.

There is a critical point to be made here with regard to
neural context and aggregate functions. The allusion of
symphony is only so useful because of the tendency to
assume that there must be a conductor to guide the devel-
opment of the symphony.There is no conductor in the
brain. Unlike the orchestra, a given pattern of neural
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Fig. 1. Overlapping response properties of cell ensembles. Panel A shows
the configuration with the anatomical connectivity between neuronal
ensembles. Panel B shows the interactivity/activity pattern of the ensembles
when processing one type of information and Panel C shows the interactiv-
ity/activity pattern of the ensembles processing a different type of informa-
tion. The key is that some of the same ensembles may be involved in coding
both sets of events, but the distinguishing feature is pattern of interactivity
and not simply whether a particular ensemble is active. (Adapted from
Sakurai, 1996).



interactions may be initiated from several different parts of a
constituent system. A collection of neural ensembles that
depict a memory trace, for example, may be activated
through an external stimulus that evokes the memory trace
or through internally initiated activity that similarly engages
the trace. Such a property avoids the difficult situation of
postulating a “neural conductor” or “executive” that
controls the unfolding of cognition. The temporal and
spatial unfolding of cognition results from the dynamic
interactions among several areas of the brain and may be
initiated from many different points (e.g. Hebb, 1949).

Electrophysiological work in motor and sensory cortices
has provided some examples of aggregate operations. The
aggregate functions increase the sensitivity and flexibility of
cell populations over that of the individual neurons or cell
groups (Georgopoulos, Taira, & Lukashin, 1993; Young,
1992). Individual cells have a limited, or non-specific, set
of responses. When combined into cell populations a vast
capability for distinguishing events ensues that is not
obvious when each cell in the population is examined inde-
pendently (Lindsey, Morris, Shannon, & Gerstein, 1997).

If perceptual and motor operations in the nervous system
are best represented as aggregate features of neural popula-
tion action, it is very likely cognitive phenomena also are
aggregate features. Functional neuroimaging has shown that
several areas are activated when the brain is performing a
task that puts a great load on cognitive processes (Cabeza et
al., 1997; Corbetta, Miezin, Dobmeyer, Shulman, & Peter-
sen, 1991). There is a temptation to suggest that the acti-
vated areas form some sort of cognitive system apart from
basic sensory or motor functions. A different perspective
builds on the capabilities of groups of neurons. Population
coding observed for sensory and motor functions can be
extended to higher-order cognitive functions. However,
instead of population actions at a regional level, the popula-
tion activity from several regions would need to combine or
interact. When neural populations interact with one another,
their rudimentary functions combine and the aggregate is
the cognitive processes. Cognitive operations are not loca-
lized in an area or network of regions, but are the conse-
quence of dynamic network interactions that depend on the
processing demands for a particular operation (Duncan,
Humphreys, & Ward, 1997). Simply put, if a process
involves the integration of visual and auditory information
with a vocal output, regions that will be involved will be
auditory and visual and motor regions that can control the
vocal apparatus. This seems a bit mundane, but it pulls the
focus away from the search for specialized speech regions to
examining brain networks based on their anatomically-
constrained interactions. The anatomy puts the limits on
the repertoire a region may have (Gaffan, 1996; Mountcas-
tle, 1979) — a sort of anatomical determinism. Within these
limits, response plasticity of the cell and hence the ensemble
means that the population has the potential to modify its
response characteristics depending on afferent information.
Since the ensemble response changes, so too will its efferent

influence and thus the plastic effects are carried to several
other areas. The same collection of areas may be engaged
across a variety of cognitive operations because of the semi-
connectedness of regions and transient plasticity. This flex-
ibility of function that defines the basic response properties
of the central nervous system also defines human cognition.

3.1. Methodological note

The final part of this review presents empirical examples
of neural interactions in cognition derived from functional
imaging work. The illustrations rely on different types of
multivariate analyses where the interregional covariances of
activity are used to identify the dominant functional and/or
effective connections (Aertsen, Gerstein, Habib, & Palm,
1989; Friston, Frith, & Fracowiak, 1993; Gerstein, Perkel,
& Subramanian, 1978) during the performance of a cogni-
tive operation.Functional connectivityis a statement that
two regions show some non-zero correlation of activity, but
does not specify how this correlation comes about.Effective
connectivityis a statement about the direct effect one region
has on another, accounting for mutual or intervening influ-
ences. There are several review and technical papers on
methods to measure functional and effective connectivity
in neuroimaging to which the interested reader is referred
(Friston, 1994; Horwitz, Soncrant, & Haxby, 1992; McIn-
tosh & Gonzalez-Lima, 1994). The important point is that
the methods do not focus on activity differences but on the
relation of activity between areas. Because the goal is to
quantify and understand neural interactions, the methods
of analysis must focus on the relations between neural
elements. The exploration of functional and effective
connectivity has been labelednetwork analysis(McIntosh
& Gonzalez-Lima, 1994; McIntosh et al., 1994).

3.2. Semantic processing and response mode

Most neuroimaging studies have been designed using the
hierarchical subtraction, or cognitive subtraction, proce-
dure. An often cited example of this approach is the verb-
generation experiments performed by Petersen, Fox, Posner,
Mintun, and Raichle (1988). One task had subjects view a
single noun and read it aloud while the verb-generate task
had subjects generate a verb that matched the presented
noun. Subtracting the reading task from the verb-generate
task would isolate those regions more active when semantic
processing of the word was required. The subtraction para-
digm has been often criticized (Friston et al., 1996; Sergent,
Zuck, Levesque, & MacDonald, 1992), but it has yielded
some consistent results (Cabeza & Nyberg, 1997; Tulving,
Kapur, Craik, Moscovitch, & Houle, 1994).

We sought to examine the additivity of behavioural
processes using a rather simple design (Jennings, McIntosh,
Kapur, Tulving, & Houle, 1997). PET regional cerebral
blood flow (rCBF) measures were taken of the same two
cognitive processes, but under three different means of
responding. Subjects carried out a semantic processing
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task and a letter scanning control task. In all tasks, subjects
were presented visually with concrete nouns. During the
semantic processing task, subjects judged whether the
noun was a living thing. During the letter scanning task

the subjects judged whether the word contained the letter
‘a’. In separate scans, subjects responded by pressing a
mouse button (mouse-click), or by speaking (spoken), or
kept the response to themselves (silent). In terms of basic
experimental design, this was a two-by-three crossed
design. One could question whether the difference between
the semantic and letter task represents a single process, but a
subtraction of the two tasks within each of the response
modes would be expected to yield the same pattern of differ-
ences. There is no reason to expect the manner of response
to affect the operations of the putative neurocognitive systems
that support semantic processing and letter identification.

Pairwise comparisons of semantic and letter tasks within
each response mode showed some common results, but
there were striking differences. The statistical images from
the pairwise subtractions (Fig. 2) show that activity in left
inferior prefrontal cortex (indicated by arrows) was greater
in the semantic task for all three response conditions.
However, the magnitude of the left prefrontal effect was
strongest for the mouse-click condition and weakest for
the silent condition. Anterior cingulate was most strongly
active in the mouse-click and spoken response tasks. Unique
areas of activation also are obvious from the figure, where
the semantic processing with a spoken response activate
more of anterior cingulate and left prefrontal cortex, while
the mouse-click and silent condition both identified right
prefrontal cortex activation for semantic processing.

This outcome poses somewhat of a problem for the
mapping of cognitive functions. It implies that a functional
map would have to include the manner of responding, so
that a “memory retrieval map” would become a “memory
retrieval map when a spoken response is used”. When the
organization of the brain outlined above is taken into
account, the result in Fig. 2 is not unexpected. The connec-
tions between areas allow for feedback effects to modulate
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Fig. 2. Statistical parametric maps showing areas that were significantly more active during semantic processing than letter identification within each of the
three response modes. If there was no effect of response mode on these differences, the maps should be identical for all three response modes. The maps are
maximum intensity projections as would be viewed from to top of a “glass” brain. The orientation (left, right, anterior, posterior) is indicated at the bottom of
the figure.

Fig. 3. Summary of effective connections for the semantic processing task
within each of the three response modes. The dominant effects are shown
(see Jennings et al., 1998 for complete functional models). Arrows repre-
sent the effect one region has on another with the size and sign of the effect
indicated in the legend.



activity patterns. Even if the same area, or collection of
areas, makes a semantic decision, because these areas will
have some unique links to regions more allied with
response, feedback from the response-related areas may
result in a unique activity pattern producing a unique map
for semantic processing when making a spoken response. If
this is true, it should be possible to identify common set of
regions that interact similarly among themselves during
semantic processing, but may engage in some unique inter-
actions depending on response (Jennings, McIntosh, &
Kapur, 1998).

By examining effective connectivity between several of
the areas identified in Fig. 2, there did appear to be a “core”
network for semantic processing that modulated its interac-
tions in relation to response. The core network consisted of
the influences between left Brodmann Area (BA) 22 and left
BA 45; left BA 22 and BA 32; left BA 45 and right BA 10;
right BA 10 and left BA 10; and right BA 10 and BA 32. As
with the subtractions, the interactions within the core
network were strongest for the mouse-click condition and
weakest for the silent task (Fig. 3). Core regions also
showed unique interactions for each response mode. Ante-
rior cingulate (BA 32) showed the strongest interactions
when an overt response was required. Right prefrontal inter-
actions were suppressed during the spoken-response condi-
tion. Dorsal right prefrontal cortices showed similar activity
patterns in the mouse-click and silent conditions, but the

interaction patterns for these regions differed between
mouse-click and silent response tasks. Thus, the same area
may show similar patterns of activity between conditions,
but different network interactions.

3.3. Sensory associative learning

One example of the use of network analysis to test speci-
fic hypotheses comes from a study of sensory learning
(McIntosh, Cabeza, & Lobaugh, 1998). The task had
subjects learn an association between a tone and a visual
stimulus. We measured brain activity in response to the tone
by itself across acquisition of the association. The expecta-
tion was that as the tone acquired behavioural significance,
presentation of the tone would elicit activity in visual areas.
Since the activation of visual areas would occur without
overt visual stimulation, the second hypothesis was that
this activation would be mediated through effects from
higher-order cortical areas, likely posterior association or
prefrontal cortices. By using an analysis of functional
connectivity, we identified four areas that could have influ-
enced the activity of these visual areas. Then effective
connections were quantified to determine which of these
candidates exerted the strongest influence on these visual
areas.

Two areas in particular seem to exert the dominant influ-
ence on the visual area as the association was learned.
Superior temporal cortex (auditory association, BA 41/42)
and prefrontal cortex near BA 10 (Fig. 4) both changed their
effect on visual cortex from suppressive to facilitory as the
association was learned. This outcome emphasizes the need
to explicitly quantify effective connections. The regions in
the functional network were selected because they all
showed a similar pattern of functional connections with
visual cortex. As stated earlier, functional connectivity is
a statement that two or more regions are functionally linked
without any attempt to specify whether the link is from
direct interactions or mediated by a third region. All regions
included in the functional network have the anatomical
potential for mediating the observed change in visual cortex
activity, but when the effective connections were estimated,
only two of the areas showed a significant change in effects.

The involvement of prefrontal cortex in this simple task
may seem surprising since there is no strong cognitive
component. From subject debriefing, there was no obvious
cognitive mediation that subjects could verbalize, i.e.
subjects were not aware of the relation between stimuli.
Considering the anatomical connectivity, this result is not
inconsistent with the configuration of the system. It is
entirely possible for the same region to be engaged across
several tasks because of different patterns of neural
interactions.

3.4. Awareness and prefrontal cortex interactions

As a follow-up to the simple associative learning study,
we sought to investigate further the neural interactions
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Fig. 4. Functional networks from early and late phases of training in a
sensory associative learning task. The effective connections are in response
to a tone that was associated with a visual stimulus. Only the effects from
BA 10 and BA 41/42 on left BA 18 changed significantly with learning.
(Adapted from McIntosh et al., 1998). Line thickness are interpreted
according to the legend in Fig. 3.



subserving cross-modal learning using differential condi-
tioning (McIntosh, Rajah, & Lobaugh, 1999). In this
study, two tones were used having differential relations to
the visual stimuli. One tone was a strong predictor of the
presentation of a visual stimulus (Tone1 ), and the other
tone a weak predictor (Tone2 ). In this PET rCBF study,
scans alternated between isolated presentations of the
Tone1 and Tone2 as subject’s learned. Much to our
surprise, subjects in our sample divided perfectly in half
into those who were aware of the stimulus associations
and those who were unaware. The index of awareness
came from debriefing questionnaires. Furthermore, only
Aware subjects learned the differentiation between the
tones, while Unaware subjects showed no behavioural
evidence of learning.

In examining the underlying brain activity that supported
learning and awareness, we observed that the strongest
group difference in brain activity elicited by the tones was
in left prefrontal cortex (LPFC) near BA 9. In aware
subjects, LPFC activity showed progressively greater activ-
ity to Tone2 than Tone1 . Ventral and medial occipital
cortices�X � 22; Y � 286; Z � 220; X � 26; Y � 288;
Z � 0� and right thalamus�X � 16; Y � 222; Z � 16�

showed progressively greater activity to Tone1 than to
Tone2 . In Unaware subjects, no consistent changes were
seen in LPFC or in any of the other regions. At first, these
results seem to confirm the prominent role of PFC in moni-
toring functions (Burgess & Shallice, 1996; Stuss &
Benson, 1987), and especially its putative role in awareness
(Knight, Grabowecky, & Scabini, 1995; Petrides, 1985).
However, PFC activation also has been found in tasks
where there was no overt awareness, such as in the previous
sensory learning task, and in implicit novelty assessment
(Berns, Cohen, & Mintun, 1997). It was thus possible that
interactions of PFC with other brain regions, present in
Aware but not in Unaware subjects, would better describe
the neural system underlying awareness in this task.

When the interactions of LPFC were assessed between
the two groups, we observed a remarkable difference in the
strength and pattern of functional connections among
several brain areas including right PFC, bilateral superior
temporal cortices (auditory association), occipital cortex,
and medial cerebellum. These areas were much more
strongly correlated in Aware, than Unaware, subjects. To
explore some of the network interactions within an anato-
mical reference, structural equation models were
constructed for a subset of regions identified in the PLS
analysis. The models were constructed for the last two
pairs of tone scans since this corresponded to the greatest
change in neural interactions and behaviour. With the small
number of subjects relative to the number of peak voxels,
we selected four regions to model, in addition to the LPFC
voxel. Given the task involved auditory and visual stimuli, it
seemed reasonable that structures associated with these
modalities would be candidates for a model. The right
PFC area also was included.

As may be expected from the correlations, there were
significant changes in the effective connections for Aware
subjects, including robust interactions involving LPFC (Fig.
5). During the last Tone1 scan, feedback to occipital
cortex was positive from temporal and prefrontal cortex,
which may reflect implicit and explicit expectancy of the
upcoming visual discrimination (McIntosh et al., 1998). In
the Tone2 scan, this feedback switched to negative, which
could reflect the knowledge that there would be no visual
event following presentation of the Tone2 . The functional
network for Unaware differed from Aware subjects, but
there were no significant changes in effective connections
across experiment for the Unaware group. There were non-
zero interactions in the functional network, but the involve-
ment of LPFC was weak. This confirms that LPFC was not
interacting systematically across subjects in the Unaware
group.

The integration among areas in this study underscores the
importance of examining neurocognitive organization in
terms of large-scale networks rather than discrete loci.
The effective connections between areas in the functional
networks suggested reliable changes in reciprocal influences
of LPFC on posterior cortices. Such reciprocity in the
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Fig. 5. Functional networks from late phases of training in a differential
sensory conditioning task. Networks from two groups are shown. Aware
subjects showed strong difference in effective connections involving left
prefrontal area 9 and other regions that distinguished between the two
tones. Conversely, the network for the Unaware subjects did not differ
between tones and showed no strong left prefrontal involvement. Line
thickness may be interpreted according to the legend in Fig. 3.



functional interactions emphasizes the cooperative nature of
brain operations subserving different aspects of cognition.
While awareness of stimulus associations may require the
integrity of prefrontal cortex, the neurobiological process
that underlies awareness arises from the interactions of
prefrontal and posterior regions. More generally, emerging
data emphasize that the same area may be equally engaged
across different tasks or groups, but serve different cognitive
functions that are determined the interactions with other
parts of the brain — theneural context (D’Esposito,
Ballard, Aguirre, & Zarahn, 1998; McIntosh, 1999; McIn-
tosh, Grady, Haxby, Ungerleider, & Horwitz, 1996; Rajah,
Lobaugh, Danjoux, & McIntosh, 1999).

4. Neural context

The idea of a neural context is meant to underscore the
importance of considering activity of the entire brain rather
than individual regions. Activity of the area may be equiva-
lent across several seemingly different cognitive tasks. What
distinguishes tasks is the pattern of spatiotemporal activity
and interactivity more than the participation of any particu-
lar region. Through its connectivity and basic response
properties, large neural systems are engaged starting from
the sensory systems, through the so-called association areas,
then to the primary motor systems. As an organism moves
through its environment, these basic input–output functions
occur continuously. Where they differ depends on the speci-
fics of the sensory events, whether these events have been
encountered before, how the organism responds, and its
consequences. It is easy to dismiss this account as too
mechanistic or behaviourist in the tradition of psychologists
like Watson or Skinner. It is not the intent to reduce cogni-
tion to a series of Stimulus–Response chains, but rather to
point out that the nervous system is organized around this
basic associative link. Sensory systems, association
systems, and motor systems can all impact upon one another
through the reciprocal connections. Because of this, the
constituents for seemingly related functions can change
dramatically, and it is also possible that similar constituents
can be engaged across seemingly disparate functions. This
reflects the dynamic and adaptive feature of the nervous
system.

In some ways, this position would make the enterprise of
neuroimaging rather unrewarding if there were no specifi-
city to the patterns of neural activity. Clearly, the replicabil-
ity of certain activity patterns suggest this is not true
(Lepage, Habib, & Tulving, 1998; Nyberg, Cabeza, &
Tulving, 1996; Tulving et al., 1994). There are some
immediate constraints to what parts of the brain may parti-
cipate in cognitive functions: the primary one, as stated
before, is the anatomy. The anatomy acts as both the catalyst
and the constraint on neurocognitive systems (Gaffan,
1996). It is rather unlikely that the nuclei of the brainstem
mediate spinal reflexes and autonomic functions are

recruited for cognitive functions. This is not because the
area do not possess the necessary response plasticity, but
rather that they are not anatomically related to areas that are,
at present, likely candidates for neurocognitive systems. It is
no coincidence that the areas most typically related to
cognitive functions are those that appear to have a diverse
set of afferents that come from several sensory modalities,
such as the frontal lobes and hippocampus. This does not
mean that cognition cannot begin until these areas are
engaged. It means that compared to regions allied to sensory
or motor functions, frontal cortices and hippocampus may
be involved in several more neurocognitive networks. It is at
this point that the overlap between specialization and inte-
gration comes into play. Regional specialization is, in part,
determined by the connectivity of the area. But the func-
tional relevance of that area cannot be realized unless it
operates in conjunction with other parts of the brain.

5. Implications for cognition

Neurophysiology and cognitive psychology have devel-
oped independently across the centuries. There is no neces-
sity for the two disciplines to influence each other.
Neurophysiology has evolved partly from study of the
basic properties of neurons without much link to overt beha-
viour beyond simple reflexes. Conversely, cognitive
psychology has developed through careful experimental
investigation of overt behaviour and how the manipulations
of putative cognitive processes change the measured beha-
viour. It is perfectly feasible for cognitive psychology to
continue its theoretical development without any link to
neurophysiology and for neurophysiology to continue with
no attempt to understand the biology of cognition (for an
interesting debate around this issue see Kosslyn & Intrili-
gator, 1992 and Caramazza, 1992). When the two are
brought together, there will likely to be some important
implications for theories of cognition that will arise from
its neuroscientific study. The examples presented here only
begin to reveal this potential. If systems that are engaged in
cognitive functions interact directly with systems allied with
response coordination, this underscores the non-hierarchical
arrangement of neurocognitive systems. If we find that simi-
lar brain regions can serve different cognitive functions, this
would imply linkages between the cognitive functions. For
example, prefrontal cortex involvement may span from
simple perceptual and associative learning functions to
higher-order cognitive functions, which may suggest a
behavioural interdependency that is not easily appreciated
from behavioural study. While it is convenient to consider
attention, memory, language, and perception to be the
domain of independent neural systems, the physiology of
the brain would suggest strong, if not complete, overlap of
these operations. Admittedly, not all psychological studies
treat these processes as independent (e.g. Duncan et al.,
1997; McClelland, 1979; Miller, Galanter, & Pribram,
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1960). An explicit attempt to incorporate the physiology
into psychological theories can only result in a richer under-
standing of human cognitive function.
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