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Introduction

Psychologists and other brain scientists have been studying memory for
over a hundred years now. By far the most unexpected, yet compelling,
‘discovery’ to emerge from these studies is that memory is extraordinarily
complicated. The complexity of memory that we now know is greater by
many orders of magnitude than even the wisest student of memory could
have imagined a century ago. And today, the fractal tree of memory, in
which each new finding and insight opens up a host of new questions and
problems, keeps growing vigorously, with no plausible end in sight.

This kind of complexity is good news for science and scientists of mem-
ory. Complexity breeds fascination and excitement. My purpose in this
article is to share with the readers some of the excitement in memory re-
search today. The title of the article, ‘Neurocognitive Processes of Human
Memory’, serves only to orient the reader rather generally towards the
kinds of things I will talk about. ‘Neurocognitive’ suggests that we are
interested in the interaction between brain and mind. ‘Processes’ serves
to remind us that an indispensable precondition of progress in the study
of memory is decomposition of memory into more elementary component
processes. And, the explicit reference to human memory points to memory
processes at their highest level of complexity, processes that have evolved
most recently and that may be, or assumed to be, uniquely human.

This article consists of three main parts. First, I distinguish between
two large classes of memory in terms of the temporal orientation of
their function. Most forms of memory are future-oriented, and only one,
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episodic, is past-oriented. Future-oriented forms of memory are evolu-
tionarily older, and the past-oriented episodic memory is more recent,

Second, 1 summarize the findings from positron emission tomogra-
phy (PET) studies that show different brain regions involved in retrieval
from semantic and episodic memory, and different brain regions involved
in encoding and retrieval processes in episodic memory. One interesting
finding is the hemispheric asymmetry in retrieval: Retrieval of general
factual information (semantic memory) activates cortical regions primar-
ily in the left hemisphere, whereas, retrieval of information about recent
happenings, such as having studied an experimentally presented word
(episodic memory), activates cortical regions predominantly in the right
hemisphere. The hemispheric asymmetry is particularly striking in the
frontal lobes, referred to as the ‘hemispheric encoding/retrieval asym-
metry’ (HERA) model, but it also extends to more posterior cortical
regions.

The third part of this article concerns some of the theoretical lessons
that the PET data have taught us about episodic memory. One of the more
interesting of these lessons is that various kinds of intentional or orienta-
tional ‘sets” play a more important role in remembering than may have
been appreciated previously. The PET data suggest that in remember-
ing past events, a great deal of neural ‘computing’ capacity is expended
in the maintenance of a variety of such ‘neurocognitive sets’. These sets
represent general ‘background’ determinants of the ‘local’ processing
of incoming and other online information. I suggest that the mainte-
nance of one such set, referred to as ‘episodic retrieval mode’, centered
on the prefrontal cortex, subserves a special kind of conscious aware-

ness (‘autonoetic’ awareness) that is uniquely associated with episodic
remembering.

Memory and Time

Many organisms, including human beings, begin life with biologically
useful behavior patterns, or with the potential of postnatal maturation of
such patterns that are ‘released’ in appropriate situations. These innate ca-
pabilities can be very complex, as is the case of what is probably the most
thoroughly studied human “instinct’, namely, language (Pinker, 1994). All
these ‘instincts’, effective ways of behaving in one’s environment, are built
into the nervous systems of organisms independently of experience. For
example, very young children, like the very young of many other species,
do not crawl off a “visual cliff’ when given an opportunity to do so, but
cling to the safe side of the divide, even during the very first test. We
understand the genetic basis of this behavior when we think of what hap-
pened to the offspring of those who, before they matured, did not ‘know’
that it is unsafe to step into empty space. Numerous other examples could
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be given on how the organism’s genome can serve as an excellent source
of information as to what, and what not, to do in a given situation.

Learning for the future

Learning is another effective source of such information. Learning some-
thing now that is useful for surviving in the future, but what is unknown
innately, makes good evolutionary sense in situations that have not been
around for eons. Because young children lack innate knowledge about hot
stoves, they must learn, through actual experience or vicariously, about
what are good and bad things to do around hot stoves. Despite the dif-
ferences in their origin, acquired knowledge can be as effective as innate
knowledge in helping an organism to reach the reproductive age and, if
possible, beyond.

Although memory may take many different forms, all of them, with a
single exception, serve the same function as do the ‘instincts’: They pro-
vide the organisms with means of behaving more effectively than would
be possible in the absence of the relevant acquired knowledge or skill. It is
not surprising, therefore, to realize that for all forms of learning and mem-
ory, with a single exception, the time’s arrow points in one direction—to
the future. The experience at Time 1 serves the important function of al-
lowing the organism to respond more adaptively at a subsequent Time 2.
From the point of view of the problem of survival of the organism, the
important thing is what happens at Time 2 and not at Time 1. What mat-
ters is the actual behavior at Time 2, not the source of the information that
guides that behavior. Whether, or not, the relevant information is there be-
cause of the inherited genes or an earlier experience is immaterial from the
point-of-view of the organism’s survival, or its happiness.

Forms of learning and memory involving experiences whose effects
‘look’ forward in time could be referred to as ‘proscopic’ (forward-
looking). With a single exception, all forms of learning and memory that
are known throughout the whole animal kingdom are proscopic. From
sensitization and habituation, through simple and complex classical and
instrumental conditioning, through the learning of perceptual-motor and
cognitive skills, through various forms of ‘implicit’ memory, such as prim-
ing, through the imitative learning that occurs in higher animals, all the
way to the immense quantities of concrete and abstract knowledge of the
world that adult human beings have accumulated throughout their lives,
memory is proscopic: It is important solely because it shapes and effec-
tively enhances the organism’s interaction with its future environment.
This basic truth holds as much for the Aplysia learning to withdraw its gill
to a conditioned stimulus, the mouse learning the location of the sunken
platform in a Morris water maze, the monkey remembering th.e locati.or} of
the peanut in a delayed nonmatching-to-sample task, the child avoiding
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touching the hot stove, the pitch-hitter hitting the ball out of the ballpark,
the Scrabble player coming up with a clever word that astounds the oppo-
nents, the scientist thinking of a new kind of a distinction that is important
in the study of the brain/mind, and so on, and on, essentially ad infinitum.

In none of these future-oriented memory situations does knowledge,
or conscious awareness, of what has happened in the past matter. What
matters is the efficacy of the current behavior. The particular source
of the acquired skills and knowledges that support current behavior
is as inconsequential as the source of innately determined skills and
knowledges.

Thus, despite the traditional association between memory and the past,
the remembering of the past, in the sense of conscious recollection of what
happened on an earlier occasion, can be said to be epiphenomenal in pro-
scopic memory. The circumstances surrounding the origin and creation
of knowledge that guides effective behavior may be of interest to the sci-
entist studying such behavior, but to the behaving organism it makes no
difference. _

The important temporal concepts in all proscopic (nonepisodic) forms
of memory are the present, Time 1 (time of acquisition or ‘encoding’), and
the future what is going to be Time 2 (time of using what was acquired)
and Time 3 (time at which the behavior at Time 2 ‘pays off’). The organ-
ism can benefit from this sequence of happenings independently of its
awareness of time, whether past or future. The individual need not be
consciously aware of what has happened in the past in order to make
effective use of existing knowledge and skills here and now. The child
does not remember where and how she touched the hot stove in the past,
but she knows how to treat the stove now; the amnesic patient does not
remember that the examining physician hid a pin in his hand while shak-
ing the patient’s hand an hour ago, but she knows that it is not good to
shake the doctor’s hand now; the contestant in a TV show does not re-
member when, where or how, she acquired the knowledge that Hannibal
is associated with elephants, but she answers the question correctly and
profitably now. Because all these people rely on their proscopic memory,
remembering the past is irrelevant.

Memory for the past and the future

The singular exception to all this—the ubiquity and evolutionary sig-
nificance of memory that serves the future without bothering about the
past—is episodic memory. Episodic memory does exactly what the other
forms of memory do not and cannot do—it enables the individual to men-
tally “travel back into her personal past’. It differs from all proscopic forms
of memory in that it does allow us to remember (consciously recollect)
what happened in the past. Remembering, or recollecting, are terms we
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Fig.1. A schema of time relations in memory. All forms of nonepisodic learning are orientec
from the present to the future: What happens at Time 1 influences what happens at Time 2
Episodic memory is oriented from the present to the past: At Time 2, one can mentally ‘trave
back’ to what happened at Time 1, as well as from Time 1 to the future Time 3.

use to denote the kind of mental activity in which the individual now be
comes consciously aware of something that she witnessed or observec
on an earlier occasion. A child remembers what happened at a friend’
birthday party the day before, a young lover remembers the expressior
on the beloved’s face in the moonlight, the scientist remembers the firs
time when a speaker at a conference mentioned her name and work, anc
so on, and on, almost ad infinitum.

Episodic memory has evolved from other forms of memory and obey
the basic time relations of its constituent mileposts: The individual doe
something at Time 1 and remembers it at Time 2. But, episodic memor:
differs from all others in that at Time 2, its time’s arrow is no more an ar
row, it loops back to Time 1. The influence of Time 1 at Time 2 expresse
itself in a mental return to the past: The individual has a conscious aware
ness of re-experiencing here and now something of the experiences of th
earlier time. Figure 1 illustrates the situation schematically.

It is this backward past-oriented loop from Time 2 to Time 1 that is at
sent in all other forms of memory and makes episodic memory uniqu
Whereas the consciously experienced past (Time 1) can be totally incor
sequential in nonepisodic (proscopic) memory, it is the very essence ¢
episodic memory. Moreover, perhaps an even more astounding feat of th
evolution is that the ‘looping arrow’ of episodic memory can loop onc
more at the remembered Time 1 forward to the imagined Time 3 that :
going to follow Time 2. Episodic experiences of our personal past becorr
a foundation for our expectations about our personal future, and we ca
speak of individuals ‘remembering’ the future (Ingvar, 1985; Wheeler .
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al., 1997). The time’s arrow of proscopic memory becomes the time’s circle
of episodic memory.

We can think of episodic memory as ‘palinscopic’ (backward-looking)
memory. An individual who ‘possesses’ palinscopic memory can, at Time
2, ‘mentally travel back’ to Time 1. However, because no other forms of
palinscopic memory are known, I use only ‘episodic memory’ in what
follows.

The mental time travel back into one’s past occurs in a form of
conscious awareness that is referred to as ‘autonoetic’. Autonoetic con-
sciousness is a defining feature of episodic memory: Episodic memory
cannot operate in the absence of autonoetic consciousness (Perner and
Ruffman, 1995; Tulving, 1993; Wheeler et al., 1997).

The scenario as outlined above leads us to expect that specific brain re-
gions are involved in mediating autonoetic episodic remembering, brain
regions that are not used for the support of proscopic memory processes.
Because we now have techniques available for identifying regional differ-
ences in brain activity, we can test this expectation empirically. We now
turn to examine some available evidence.

PET Studies of Episodic Memory

The relation between brain and mind has fascinated and frustrated brain
scientists interested in memory for a long time. A popular way of posing
the problem has been in terms of ‘localization of function’, and a popu-
lar form of putting the question has been, ‘Where are the memories in the
brain?’ The account of how Karl Lashley spent many years of his creative
life looking for the engram, and how he finally failed, is one of the best
known stories in our science. When he ruefully admitted that, “I some-
times feel, in reviewing the evidence on the localization of the memory
trace, that the necessary conclusion is that learning just is not possible”
(Lashley, 1950), he probably could not even imagine how it would ever
become possible to relate brain activity to memory. And yet it is possible.
Today, we find ourselves at a stage where the recently developed tech-
niques of functional brain imaging are telling us a great deal about the
relation between brain and memory. Because a half-century has passed
since Lashley, we do not ask any more, “Where are the memories in the
brain? We now think of multiple forms of memory, each one not only
similar to but also different from all the others, and we think of mem-
ory processes and their interactions, rather than, or at least in addition
to, localization of memory traces. Although neuroimaging research on
memory is only a few years old, and still clearly in its early infancy, we
already have available a respectable amount of PET data concerning the
identity of brain regions that are involved in encoding, storage, and re-
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trieval processes of episodic memory (Buckner and Tulving, 1995; Cabeza
and Nyberg, 1997; Fletcher et al., 1995a).

The logic of PET

The logic of PET ‘activation studies’ of memory is straightforward. PET
provides information about the differences in blood flow in every one of
a large number of sites that occur because of the differences in the behay-
ioral/ cognitive demands of different tasks. Because changes in blood flow
are known to be correlated with neuronal activity, their patterns (maps)
provide information about neuronal activity in different brain sites that
reflect such demands (Posner and Raichle, 1994; Raichle, 1994).

Traditionally, PET data are presented in the form of ‘brain maps’. A
brain map reflects differences in the patterns of regional blood flow asso-
ciated with two different tasks, A and B. The tasks are usually selected
to differ from one another with respect to readily specifiable cognitive
processes. A brain map shows regions in which blood flow and, hence,
neuronal activity, was higher in Task A than B, regions in which the level
of blood flow could not be distinguished between the two tasks, as well as
regions in which the level of blood flow was lower in Task A than B. The
logic of PET studies holds that these ‘activation’ maps reflect the differ-
ences between the two comparison tasks. The experimental challenge in
such a situation is to describe the correlation between the functional neu-
roanatomy and the cognitive processes in a disciplined, systematic and
theoretically meaningful fashion.

Encoding and retrieval

Let me illustrate the logic of PET studies of memory with an example
from a study done in Toronto, in which healthy university students served
as subjects (Cabeza et al., 1997b; Kapur et al., 1996). Scanning was done
under two conditions. In one, subjects were shown pairs of words, such
as PENGUIN-TUXEDO, and were instructed to think of some meaning-
ful relation between the words of each pair. They were also told that
their memory for these pairs would be tested. Two processes occur in
this situation. First, subjects make use of their semantic knowledge (gen-
eral ’knowledge of the world’) in relating the paired words to each other,
that is, they engage in semantic-memory retrieval. Second, the presented
information is encoded and stored in episodic memory: Subjects can re-
member later that such and such word pairs occurred in the study list.
In the other experimental condition, subjects again saw pairs of words,
such as PENGUIN-TUXEDO, but now they had to decide whether, or not,
the pair had appeared in the study list. This is an episodic-memory re-
trieval (recognition) condition. Note that the perceptual display presented
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Fig. 2. Brain maps showing regions that are more active during encoding (intentional study)
than during retrieval (recognition) of pairs of words (upper bank), and regions that are more
active during retrieval (recognition) than during encoding (intentional study) of the same
information (lower bank). Average data for 12 young healthy subjects. (Based on Kapur et al.
1997; Cabeza et al., in press. Figure reprinted from Nyberg et al. (1996), with permission.)

to the subject (pairs of words), the behavioral form of the response that
the subjects made (spoke the second single words), as well as other vari-
ables (e.g. pacing of presentation of the stimuli), were held constant in
both conditions. Only the cognitive task demands differed.

Figure 2 shows the results of this study. The blood flow data were aver-
aged over all 12 subjects. The brain maps in the upper bank were obtained
by the subtraction of the retrieval activations from the encoding activa-
tions; they show regions that were more highly activated during encoding
than during retrieval. The brain maps in the lower bank were obtained by
the subtraction of encoding activations from the retrieval activations; they
show brain regions that were more highly activated during retrieval than
during encoding.

There are three observations to make about the data in Fig. 2. First,
there are striking differences between the brain maps of encoding and
those of retrieval. We can assume that there are common regions as well,
activated during both encoding and retrieval, although they do not appear
in Fig. 2, because they are ‘subtracted out’ in the analysis. Nevertheless,
the differences are surprisingly extensive. Second, the two sets of activa-
tion are heavily lateralized in the two hemispheres: Encoding activations
are all in the left hemisphere, and retrieval activations in the right hemi-
sphere. This kind of a stark dichotomy is not always observed, of course,
but it does illustrate a kind of functional hemispheric laterality that seems
to be real. Third, it is useful to keep in mind that because of the design
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of this particular study, the left hemisphere activity reflects the combined
effects of both semantic retrieval and episodic encoding.

Hemispheric encoding/retrieval asymmetry (HERA)

The data in Fig. 2 nicely complement the data yielded by many other PET
studies, including the very first ones designed to investigate encoding
and retrieval processes in episodic memory. These studies were done at
the Hammersmith Hospital in London, England (Fletcher et al., 1995a,b;
Shallice et al., 1994), at the Washington University in St Louis (Squire et
al., 1992; Buckner et al., 1995), and in Toronto (Kapur et al., 1994a, 1994b;
Moscovitch ef al., 1995; Tulving et al., 1994a, 1994b). Taken together, the
data from these studies suggested a surprising empirical regularity: Left
prefrontal cortex seemed to be differentially more involved than right in
encoding information into episodic memory, whereas, right prefrontal cor-
tex seemed to be differentially more involved than left in episodic memory
retrieval.

This pattern is referred to as HERA in the frontal lobes (Tulving et
al, 1994a). Although initially unexpected and, therefore, greeted scep-
tically (Roskies, 1994), the HERA pattern is now well established and
indeed represents one of the most robust facts of the PET-memory lit-
erature. Figure 3 presents a schematic summary of the results from 25
different PET studies, available in May 1996, that reported relevant data
(Nyberg et al., 1996). The pattern of the data depicts the asymmetry:
Episodic-memory encoding (intentional or incidental study) is associated
with the activation of the left prefrontal cortex, and not with the right.
Episodic-memory retrieval (recognition or recall) is associated predomi-
nantly with the activation of the right prefrontal cortex. Because in many
cases episodic encoding involves semantically based judgments about the
to-be-remembered information, the left frontal activation associated with
such encoding also reflects semantic memory retrieval. This is why the
HERA model associates semantic-memory encoding also with the left
frontal lobe.

The overall HERA pattern can be economically described in terms of
the interaction among three pairs of concepts: (i) Encoding vs. retrieval;
(ii) episodic vs. semantic memory; and (iii) left and right frontal lobes.
This overall regularity is largely unaffected by specific conditions of the-
relevant experiments. Available evidence suggests that it holds equally for
verbal and nonverbal materials. For instance, encoding of human faces has
been shown to activate the left prefrontal cortex, in the absence of compa-
rable activation on the right, while recognition of previously studied faces
has been shown to activate the right prefrontal cortex, in the absence of
comparable activation on the left (Grady et al., 1995; Haxby et al., 1996; see
also, Andreasen et al., 1995). Similar observations have been made with
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Fig. 3. A schematic summary of PET data from 25 different studies illustrating the HERA
pattern in the frontal lobes. Episodic-memory encoding (intentional or incidental study)
is assodated with the activation of the left prefrontal cortex, and not with the right.
Episodic-memory retrieval (recognition or recall) is associated predominantly with the ac-
tivation of the right prefrontal cortex. (Detailed data presented in, and the figure reproduced
from, Nyberg et al. (1996), with permission.)

- other nonverbal materials and line drawings of objects (Buckner et al.,
1996; Kohler et al., 1995; Moscovitch et al., 1995; Owen et al., 1996). The
encoding activations on the left have been observed under conditions of
both intentional and incidental learning; the retrieval activations on the
right have been observed in both recall and recognition tasks.

Although the general left/right encoding/retrieval pattern is remark-
ably consistent, as shown in Fig. 3, it is important to note that within this
general regularity there exists considerable variability in localization of
function, depending on particular conditions of the different studies. This
variability invites more detailed analyses of the data. Such analyses have
begun (Buckner, 1996), and the results are promising: It is possible to iden-
tify specific prefrontal regions that are involved in encoding and retrieval
of particular aspects of the information.

Encoding/retrieval asymmetry in other brain regions

Focusing on the encoding/retrieval asymmetry in the frontal regions
ignores the many activations in posterior brain regions, found in PET
studies of encoding and retrieval. We already saw an example of these
in Fig. 2, where these posterior activations were also lateralized. How
general is this tendency?

The answer is, pretty general. A recent review of the relevant studies
shows that in a large majority of cases, intentional encoding in episodic
memory activated the left, but not the right, temporal regions (Fletcher et
al., 1995a). As to retrieval, several studies found increased activation in the
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Fig. 4. The left panel shows brain regions that are more active during encoding than during
retrieval: Temporal lobes bilaterally, left fusiform gyrus and perirhinal cortex in the me.
dial temporal lobe, right parahippocampal gyrus and entorhinal cortex bilaterally. The right
panel shows brain regions that are more active during retrieval than during encoding: Right
prefrontal cortex, anterior cingulate cortex, thalamus, brainstem and midline parietal regions
near cuneus and precuneus. Data were pooled from four different PET studies in which a
total of 48 young healthy subjects participated. (Reprinted from Tulving and Markowitsch
(1997), with permission.)

parietal lobes. In some cases, the activation has been bilateral (e.g., Schac-
ter et al., 1996b; Tulving et al., 1994b). In other cases, unilateral activation
has been observed, and in these cases it has been located predominantly
on the right side (Grady e al., 1995; Kapur et al., 1995; Kapur et al., 1995;
Moscovitch et al., 1995).

The data in Fig. 4 (reprinted from Tulving and Markowitsch, 1997)
further illustrate the hemispheric asymmetry between episodic encoding
(together with semantic retrieval) and episodic retrieval. Similar to the -
data in Fig. 2, these data were provided by a direct within-subject com-
parison of encoding and retrieval condition. The data were pooled from
four different studies, each involving the testing of 12 young healthy sub-
jects. Kapur et al. (1996) was one of them; another was a study similarly
involving intentional study and recognition of word pairs, but conducted
with older subjects (Cabeza et al., 1997a). The third involved the study
and recognition of single words (Nyberg et al., 1996), and the fourth study
involved encoding and recognition of line drawings of objects and their
location in a visual display (Ko6hler et al., 1998). We reasoned that such
pooling minimizes the changes in blood flow that are attributable to the
features by which the four studies differed (such as the study and test ma-
terials), and maximizes the changes correlated with the features shared by
all four studies, namely, the encoding vs. retrieval processes. .

The left half of Fig. 4 shows brain regions that were more active during
encoding than retrieval. They include large regions in the temporfnl lobes
bilaterally, and left fusiform gyrus and perirhinal cortex in th'e medial tem-
poral lobe. Smaller, but statistically highly significant, activations were
also observed near entorhinal cortex bilaterally and the right parahip-
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pocampal gyrus. The right half of Fig. 4 shows brain regions that were
more active during retrieval than during encoding. These include exten-
sive areas in the right prefrontal cortex and anterior cingulate cortex,
together with the thalamus, brainstem and midline parietal regions near
cuneus and precuneus.

These data paint the outlines of widely distributed encoding and
retrieval ‘circuits’ in the brain. In addition to the traditional ‘memory
regions’ in the medial temporal lobes, some of which showed more ac-
tivation during encoding than during retrieval (Fig. 4), there are extensive
neocortical areas that seem to be heavily involved in getting informa-
tion into the memory store at Time 1, and other such areas involved in
recovering it at Time 2.

Another observation worth noting has to do with the evidence sug-
gesting that the cerebellum is.also involved in ‘purely’ cognitive activities
(Leiner and Leiner, 1995; Schmahmann, 1991). These include encoding
and retrieval processes of episodic memory. An HERA-type asymmetry
seems to be also true of the cerebellum, although with the polarity op-
posite to that characterizing the cerebral cortex: Cerebellar hemispheres
are anatomically cross-connected to cerebral hemispheres (Barker et al.,
1991; Middleton and Strick, 1994). Consequently, in keeping with HERA,
episodic encoding (and semantic retrieval) tends to activate the right cere-
bellar regions more than the left (Backman et al., 1997; Jennings et al., 1997;
Pardo and Fox, 1993; Raichle et al., 1994), whereas, episodic retrieval is
associated with cerebellar activation mostly on the left (Andreasen et al.,
1995, 1996; Backman et al., 1997; Cabeza et al., 1997b; Schacter et al., 1996a).

The finding of cerebellar activity in purely cognitive tasks, or in tasks in
which motor components of the tasks are presumed to be subtracted out
by experimental design, represents another interesting neuroanatomical
discovery made possible by PET, although the nature of the contribu-
tion that the cerebellum makes to memory processes is not yet known.
Students of memory are only beginning to digest the implications of the
news. I mention it here primarily to underscore one of the important func-

tions of PET, that of providing (new) information about the functional
neuroanatomy of memory.

Neurocognitive Sets: Remembering and Consciousness

The data we have reviewed paint a picture of a multitude of brain regions
involved in episodic encoding and retrieval processes. Thus, the emerg-
ing brain maps of ‘memories in the brain’ are rather different from those
suggested by earlier lesion-based analyses of memory disorders that were
largely limited to medial temporal and diencephalic regions (Squire and
Zola-Morgan, 1991). Today, students of memory talk about widely dis-
tributed cortical, subcortical, cerebellar encoding and retrieval networks,
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simultaneously activated and functionally interconnected brain regions -
(Andreasen et al., 1995b; Fazio et al., 1992; Grasby et al., 1993; Heiss et al.,
1992; Kapur et al., 1994a; Mesulam, 1990; Perani et al., 1993; Shallice et al.,
1994; Tulving et al., 1994a).

But exactly what are these networks networks of? How are we to think
of the workings of, say, episodic retrieval networks that include various
prefrontal cortical, anterior cingulate, thalamic, anterior temporal, medial
and inferior parietal and cerebellar regions (Cabeza et al., 1997b)?

We begin with the idea that ‘retrieval process’ is not a single process,
as its label implies, but rather consists of a complex concatenation and
combination of a number of component subprocesses. Moreover, we can
imagine that the workings of these components subprocesses are deter-
mined jointly by (i) ‘local’ conditions prevailing at a given moment in
time (e.g., the presentation of a particular stimulus); and (ii) general ‘back-
ground’ conditions that change more slowly over time (e.g. the ‘context’ or
‘set’). This is in keeping with one of the most basic principles of behavior:
An organism responds to a stimulus only if it is ‘set’ to respond.

A great deal of evidence, from a wide variety of sources, suggests that
the brain can respond to any particular kind of incoming information, and
process any kind of online information in many different ways, depend-
ing on the currently present background factors that we can refer to as
‘neurocognitive sets’. Neurocognitive sets are patterns of coherent neu-
ronal activity that determine the kind of processing performed on in-
coming and online information, and inhibit the many other kinds of
processing that the brain is capable of performing on the same stimuli. In
human cognition, they are the active neural correlates of mental states and
processes that have been studied under various rubrics, such as attention,
intention, orientation, set and readiness. We can think of neurocognitive
sets as a clever stratagem of nature that enables the brain to do a great deal
of task-relevant processing of a stimulus before the stimulus occurs.

One well-known background factor, a neurocognitive set, in episodic
retrieval is ‘episodic retrieval mode’: Holding in mind, in the field of sus-
tained attention, a past segment of one’s life of which certain aspects
become consciously accessible, and others are held in a special state of
readiness. Three things happen when the rememberer’s brain/mind is
in the episodic retrieval mode: (i) The rememberer keeps ‘thinking back
to’ a smaller or larger segment of her subjective past; (ii) she treats pre-
sented stimuli as retrieval cues, as queries about the ‘contents’ of one or
more previously experienced episodes; and (iii) the product of successful
ecphory (retrieval) is autonoetically experienced as remembering a past
event. Autonoetic consciousness is the brain/mind capacity that allows
individuals to apprehend their subjective experiences throughout time,
and to perceive the present moment as both a continuation of their past
and a prelude to their future (Tulving, 1993; Wheeler et al., 1997).
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Until recently, it was possible to contemplate the concept of retrieval
mode only as an abstract idea (Tulving, 1983). Now, thanks to functional
neuroimaging techniques, we can actually ‘see’ the episodic retrieval
mode in the brain. Relevant evidence has been provided by Kapur et al.
(1995), Nyberg et al. (1995) and Schacter et al. (1996b) (see also, Ruggetal,,
1996). The logic is simple: In a PET study we (i) hold constant the retrieval
mode, by asking the subject whether, or not, he can recognize presented
test items as those he encountered in the earlier study phase; and (ii) by
manipulating the nature of test items, vary the extent to which the subjects
can actually succeed in recovering the stored information.

The question is: ‘Are there brain regions that show activation during
intentional retrieval attempts regardless of the degree of success of such
retrieval, or success of ecphory?’ If yes, we can think of these brain regions
as involved in the maintenance of neurocognitive set that we call ‘episodic
retrieval mode’.

The available data suggest that the answer to the question is ‘yes’, and
that the brain areas thus identified with the episodic retrieval mode are
regions in the frontal lobes, especially in the right hemisphere (Kapur et
al.,, 1995; Nyberg et al.,, 1995). The results showed that when subjects were
in the episodic retrieval mode, trying to recognize test items as having
occurred in a previously studied list, but were unsuccessful in remem-
bering, because the experimentally presented test items do not match the
studied items, large regions in the right prefrontal cortex were neverthe-
less activated. The extent of activation was very similar to that observed
in other scans, in which subjects succeeded to recognize (retrieve) many
previously studied words.

It is tempting to speculate that autonoetic awareness, trough which
episodic retrieval is expressed, is also critically dependent on the in-
tegrity of the right frontal lobes and its connections with other brain
regions (Wheeler et al,, 1997). There is some evidence that patients who
have suffered right anterior brain damage have difficulty in autonoeti-
cally reminiscing about their premorbid personal experiences (Calabrese
et al., 1996; Markowitsch et al., 1993; Markowitsch, 1995). We can think of
the frontal episodic retrieval mode as an activated state (neurocognitive
set) in which experiences of successful ecphory are autonoetically treated
as remembering. If so, the set determines the general nature of the expe-
rience (remembering) before any specific instance of the experience occurs.
That is, the autonoetic awareness is intrinsic to the operations of episodic
retrieval mode.

To summarize, we have some evidence suggesting that the frontal
lobes are involved in the establishing, maintaining, and switching of a
specific neurocognitive set. This set is episodic retrieval mode. Other data,
not reviewed here, suggest that actual ‘storage sites’ of engrams, that are
ecphorized (‘activated’) at retrieval lie in posterior neocortical areas (Ny-
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berg et al., 1996). Once the neuroimaging data have pointed to the massive
involvement of the frontal cortex in the episodic retrieval mode, it is easy
to begin thinking of all kinds of other neurocognitive sets that play a cen-
tral role in memory processes, even if their importance may have been
less obvious in the past. In this manner, functional neuroimaging plays a
critical role in shaping theoretical thought about memory.

Conclusions

Let me now sum up. I suggested that, contrary to traditional thinking, an
overwhelmingly large majority of forms of learning are future-oriented.
Any kind of conscious awareness of specific past happenings, the sort of
mental activity that we usually associate with the term ‘remembering, is
largely irrelevant in these forms of memory.

The singular, and in many ways a most remarkable, exception to the
future-oriented learning mechanisms and systems is episodic memory.
There are grounds for believing that it has evolved rather recently and,
in its fully developed form, is found only in the human species. Episodic
memory makes possible remembering of events experienced in the past.
Therefore, we can say that it is oriented to the past.

PET studies point to specific neuroanatomical regions involved in
episodic encoding and retrieval. An especially interesting finding, be-
cause completely unheralded by previous research, is the so-called HERA
pattern of neural activation in the frontal lobes: The left frontal lobe is
more active in semantic-memory retrieval and episodic-memory encod-
ing, and the right frontal lobe is more active in episodic-memory retrieval.
Other findings, somewhat less consistently, point to the possibility that the
HERA pattern extends posteriorly.

To date, several studies suggest that the frontally supported ‘retrieval
mode’, and possibly the as yet unexplored ‘encoding mode’, represent
particular instance of the concept of ‘neurocognitive set’. Neurocognitive
sets are patterns of coherent neuronal activity that determine the kind of
processing performed on incoming and online information, that inhibit
the many other kinds of processing that the brain is capable of perform-
ing on the same stimuli, and also enable the brain to do a great deal of
task-relevant processing of a stimulus before the stimulus occurs.

Finally, it is easy to agree with those brain scientists who believe that
the recently introduced and developed functional neuroimaging tech-
niques will revolutionize the study of human memory. The importance
of the technique not only lies in its ability to produce maps of functional
neuroanatomy, but also in the way it forces us to see aspects of memory
not seen before, and makes us think about memory in a way we have not
thought before. '



278 Basic Mechanisms in Cognition and Language
Acknowledgements

Research was supported by an endowment from Anne and Max Tanen-
baum in support of research in cognitive neuroscience, and by the Natural
and Engineering Research Council of Canada (Grant A8632). I am grate-
ful to Jaan Puhvel for ‘proscopic’ and ‘palinscopic’, to Reza Habib for help
with the analysis of PET data, and to Eva McGrath and Roberto Cabeza
for help with the manuscript.

References

Andreasen, N. C., O'Leary, D. S., Arndt, S., Cizadlo, T,, Hurtig, R., Rezai,
K., Watkins, G. L., Ponto, L. L. and Hichwa, R. D. (1995). Short-term and
long-term verbal memory: A positron emission tomography study. Proc.
Natl. Acad. Sci. (USA) 92: 5111-5115.

Andreasen, N. C., O'Leary, D. S, Cizadlo, T., Arndt, S., Rezai, K., Watkins,
G.L. Ponto, L. L. and Hichwa, R. D. (1995b). Remembering the past: Two
facets of episodic memory explored with positron emission tomography.
Am. |. Psychiat. 152: 1576-1585. :

Andreasen, N. C,, O'Leary, D. S., Arndt, S., Cizadlo, T.,, Hurtig, R., Rezai,
K., Watkins, G. L., Ponto, L. L. B. and Hichwa, R. D. (1996). Neural
substrates of facial recognition. ] Neuropsychiat. Clin. Neurosci. 8: 139-149.

Béackman, L., Almkvist, O., Andersson, J., Nordberg, A., Winblad, B., Rei-
neck, R. and Langstrom, B. (1997). Brain activation in young and older
adults during implicit and explicit retrieval. J. Cognit. Neurosci. 9: 378-391.

Barker, W. W.,, Yoshii, F,, Loewenstein, D. A., Chang, J. Y., Apicella, A.,
Pascal, S., Boothe, T. E., Ginsberg, M. D. and Duara, R. (1991). Cerebro-
cerebellar relationship during behavioral activation: A PET study. J. Cereb.
Blood Flow Metab. 11: 48-54.

Buckner, R. (1996). Beyond HERA: Contributions of specific prefrontal
brain areas to long-term memory. Psychonom. Bull. Rev. 3: 149-158.

Buckner, R. L., Petersen, S. E., Ojemann, J. G., Miezin, F. M., Squire, L. R.
and Raichle, M. E. (1995). Functional anatomical studies of explicit and
implicit memory retrieval tasks. J. Neurosci. 15: 12-29.

Buckner, R., Raichle, M., Miezin, E. M. and Petersen, S. E. (1996). Func-
tional anatomic studies of memory retrieval for auditory words and visual
pictures. J. Neurosci. 16: 6219-6235.

Buckner, R. L. and Tulving, E. (1995). Neuroimaging studies of memory:
Theory and recent PET results. In Handbook of Neuropsychology (F. Boller
and J. Grafman, eds), Vol. 10, pp. 439-466. Amsterdam: Elsevier.



Neurocognitive Processes of Human Memory 279

Cabeza, R. and Nyberg, L. (1997). Imaging cognition: An empirical review
of PET studies with normal subjects. ]. Cognit. Neurosci. 9: 1-26.

Cabeza, R, Grady, C. L., Nyberg, L., McIntosh, A. R., Tulving, E., Kapur,
S., Jennings, J. M., Houle, 5. and Craik, F. I. M. (1997a). Age-related differ-
ences in neural activity during memory encoding and retrieval: A positron
emission tomography study. ]. Neurosci. 17: 391-400.

Cabeza, R., Kapur, S., Craik, £ 1. M, Mclntosh, A. R., Houle, S. and Tulv-
ing, E. (1997b). Functional neuroanatomy of recall and recognition: APET
study of episodic memory. J. Cognit. Neurosci. 9: 254-265.

Calabrese, P, Markowitsch, H. J., Durwen, H. F,, Widlitzek, H., Haupts,
M., Holinka, B. and Gehlen, W. (1996). Right temporofrontal cortex as crit-

jcal locus for ecphory of old episodic memories. J. Neurol. Neurosurg. Psych.
61: 304-310.

Fazio, E, Perani, D., Gilardi, M. C,, Colombo, E, Cappa, S. E, Vallar, G,
Bettinardi, V,, Paulesu, E., Alberoni, M., Bressi, S. et al. (1992). Metabolic
impairment in human amnesia: A PET study of memory networks. J.
Cereb. Blood Flow Metabol. 12: 353-358.

Fletcher, P. C., Dolan, R. . and Frith, C. D. (1995a). The functional anatomy
of memory. Experientia 51: 1197-1207.

Fletcher, P. C., Frith, C. D., Grasby, P. M., Shallice, T, Frackowiak, R. S.
]. and Dolan, R. J. (1995b) Brain systems for encoding and retrieval of
auditory-verbal memory: An in vivo study in humans. Brain 118: 401-416.

Grady, C. L., McIntosh, A. R., Horwitz, B., Maisog, J. M., Ungerleider,
L. G., Mentis, M. J., Pietrini, P, Schapiro, M. B. and Haxby, J. V. (1995).
Age-related reductions in human recognition memory due to impaired
encoding. Science 269: 218-221.

Grasby, P. M,, Frith, C. D., Friston, K. J., Bench, C,, Frackowiak, R. S. J.
and Dolan, R. J. (1993). Functional mapping of brain areas implicated in
auditory-verbal memory function. Brain 116: 1-20.

Haxby, J. V., Ungerleider, L. G, Horwitz, B., Maisog, J. M., Rapoport, S.
L. and Grady, C. L. (1996). Face encoding and recognition in the human
brain. Proc. Natl. Acad. Sci. (USA) 93: 922-927.

Heiss, W. D., Pawlik, G., Holthoff, V., Kessler, J. and Szelies, B. (1992). PET
correlates of normal and impaired memory functions. Cerebrovasc. Brain
Metab. Rev. 4:1-27.

Ingvar, D. H. (1985). ‘Memory of the future’: An essay on the temporal
organization of conscious awareness. Human Neurobiol. 4: 127-136.



280 Basic Mechanisms in Cognition and Language

Jennings, J. M., Mclntosh, A. R, Kapur, S, Tulving, E. and Houle, S. (1997).
Cognitive subtractions may not add up: The interaction between semantic
processing and response mode. NeuroImage. 5: 229239,

Kapur, N, Friston, K. J., Young, A, Frith, C. D. and Frackowiak, R. S. J.
(1995). Activation of human hippocampal formation during memory for
_faces: A PET study. Cortex 31: 99-108.

Kapur, S, Tulving, E., Cabeza, R., McIntosh, R. A, Houle, S., Craik, F. I.
M. (1996). Neural correlates of intentional learning of verbal materials: A
PET study in humans. Cognit. Brain. Res. 4: 243-249,

Kapu, S., Rose, R, Liddle, P. F, Zipursky, R. B, Brown, G. M., Stuss,
D., Houle, S. and Tulving, E. (1994b) The role of left prefrontal cortex in

verbal processing: Semantic processing or willed action? NeuroReport 5:
2193-2196. "

Kapuy, S, Craik, F. 1. M., Jones, C., Brown, G. M., Houle, S. and Tulving, E.
(1995). Functional role of the prefrontal cortex in retrieval of memories: A
PET study. NeuroReport 6: 1880-1884.

Kapur, S, Craik, F. I. M, Tulving, E., Wilson, A. A,, Houle, S. and Brown,
G. (1994a). Neuroanatomical correlates of encoding in episodic memory:
Levels of processing effect. Proc. Nat. Acad. Sci. (LISA) 91: 2008-2011.

Kahler, S., Kapur, S., Moscovitch, M., Winocur, G. and Houle, S. (1995).
Dissociation of pathways for object and spatial vision: A PET study in
humans. Neuro Report 14: 1865-1868.

Kohler, S.,, Moscovitch, M., Winocur, G., Houle, S. and McIntosh, A.
R. (1998). Networks of domain-specific and general regions involved in

episodic memory for spatial location and object identity. Neuropsychologia
36:129-142.

Lashley, K. . (1950). In Search of the Engram. Society of Experimental Biology
Symposium No. 4: Physiological Mechanisms in Animal Behavior. Cambridge:
Cambridge University Press. b

Leiner, H. C., Leiner, A. L. and Dow, R. S, (1995). The underestimated
cerebellum. Human Brain Map 2: 244-254.

Markowitsch, H. J. (1995). Which brain regions are critically involved in
the retrieval of old episodic memory? Brain Res. Rev. 21: 117-127.

Markowitsch, H. J., Calabrese, P, Liess, J., Haupts, M., Durwen, H. F. and
Gehlen, W. (1993). Retrograde amnesia after traumatic injury of the fronto-
temporal cortex. J. Neurol. Neurosurg. Psych. 56: 988-992.



Neurocognitive Processes of Human Memory - 281

Mesulam, M.-M. (1990). Large-scale neurocognitive networks and distrib-

uted processing for attention, language, and memory. Annals of Neurology .
28: 597-613.

Middleton, E. A. and Strick, P. L. (1994). Anatomical evidence for cerebellar

and basal ganglia involvement in higher cognitive function. Science 226:
461.

Moscovitch, M., Kapur, S., Khler, S., Houle, S. (1995). Distinct neural cor-
relates of visual long-term memory for spatial location and object identity:
A positron emission tomography (PET) study in humans. Proc. Natl. Acad.
Sci. (USA) 92: 3721-3725.

Nyberg, L., Tulving, E., Habib, R., Nilsson, L.-G., Kapur, S., Houle, S.,
Cabeza, R. and McIntosh A. R. (1995). Functional brain maps of retrieval
mode and recovery of episodic information. NeuroReport 7: 249-252.

Nyberg, L., Cabeza, R. and Tulving, E. (1996). PET studies of encoding and
retrieval: The HERA model. Psychon. Bull. Rev. 3: 135-148.

Nyberg, L., McIntosh, A. R., Cabeza, R., Habib, R., Houle, S. and Tul-
ving, E. (1996). General and specific brain regions involved in retrieval
of events: What, where, and when. Proc. Natl. Acad Sci. (USA) 93: 11280—
11285.

Nyberg, L., Mclntosh, A. R., Houle, S., Nilsson, L.-G. and Tulving, E
(1996). Activation of medial temporal structures during episodic memory
retrieval. Nature 380: 715-717.

Owen, A. M., Milner, B., Petrides, M. and Evans, A. C. (1996). Memory
for object features vs. memory for object location: A positron emission to-
mography study of encoding and retrieval processes. Proc. Natl. Acad. Sci.
(USA) 93: 9212-9217.

Pardo, J. V. and Fox, P. (1993). Preoperative assessment of the cerebral
hemispheric dominance for language with CBF PET. Human Brain Map
1: 57-68. '

Perani, D., Bressi, S., Cappa, S. F, Vallar, G., Alberoni, M., Grassi, F,
Caltagirone, C., Cipolotti, L., Franceschi, M., Lenzi, G. L. et al. (1993). Evi-
dence of multiple memory systems in the human brain. A [18F]FDG PET
metabolic study. Brain 116: 903-919.

Perner, J. and Ruffman, T. (1995). Episodic memory an autonoetic con-
sciousness: Developmental evidence and a theory of childhood amnesia.
J. Exp. Child Psychol. 59: 516-548.

Pinker, S. (1994). The Language Instinct. New York: Morrow.



282 Basic Mechanisms in Cognition and Language

Posner, M. I. and Raichle, M. E. (1994) Images of Mind. New York: Scientific
American Books.

Raichle, M. E. (1994). Images of the mind: Studies with modern imaging
techniques. Ann. Rev. Psychol. 45: 333-356.

Raichle, M. E., Fiez, J. A., Videen, T. O., MacLeod, A. K., Pardo, J. V., Fox,
P. T. and Petersen, S. E. (1994). Practice-related changes in human brain
functional anatomy during nonmotor learning,. Cereb. Cortex 4: 8-26.

Roskies, A. (1994). Commentary: Mapping memory with positron emis-
sion tomography. Proc. Natl. Acad. Sci. (USA) 91: 1989-1991.

Rugg, M. D,, Fletcher, P. C,, Frith, C. D., Frackowiak, R. S. J. and Dolan,
R. J. (1996). Differential response of the prefrontal cortex in successful and
unsuccessful memory retrieval. Brain 119: 2073-2083.

Schacter, D. L., Alpert, N. M., Savage, C. R. and Rauch, S. L. (1996a). Con-
scious recollection and the human hippocampal formation: Evidence from
positron emission tomography. Proc. Natl. Acad. Sci. (USA) 93: 321-325.

Schacter, D. L., Savage, C. R., Alpert, N. M., Rauch, S. L. and Albert,
M. S. (1996b). The role of hippocampus and frontal cortex in age-related
memory changes: A PET study. NeuroReport 7: 1165-1169.

Schmahmann, J. D. (1991). An emerging concept: The cerebellar contribu-
tion to higher function. Arch. Neurol. 48: 1178-1187.

Shallice, T., Fletcher, P, Frith, C. D., Grasby, P, Frackowiak, R. S. J. and
Dolan, R. J. (1994). Brain regions associated with acquisition and retrieval
of verbal episodic memory. Nature 368: 633-635.

Squire, L. R. and Zola-Morgan, S. (1991). The medial temporal lobe
memory system. Science 253: 1380-1386.

Squire, L. R., Ojemann, J. G., Miezin, F. M., Petersen, S. E., Videen, T. O. and
Raichle, M. E. (1992). Activation of the hippocampus in normal humans:
A functional anatomical study of memory. Proc. Nat. Acad. Sci. (USA) 89:
1837-1841. :

Tulving, E. (1983). Elements of Episodic Memory. Oxford: Clarendon Press.

Tulving, E. (1993). What is episodic memory? Curr. Perspect. Psychol. Sci. 2:
67-70.

Tulving, E., Kapur, S., Craik, F. L. M., Moscovitch, M. and Houle, S.
(1994a). Hemispheric encoding/ retrieval asymmetry in episodic memory:
Positron emission tomography findings. Proc. Natl. Acad. Sci. (USA) 91:
2016-2020.



Neurocognitive Processes of Human Memory ' 283

Tulving, E., Kapur, S., Markowitsch, H. J., Craik, F, L. M., Habib, R. and
Houle, S. (1994b). Neuroanatomical correlates of retrieval in episodic
memory: Auditory sentence recognition. Proc. Natl. Acad. Sci. (USA) 91:
2012-2015.

Tulving, E. and Markowitsch, H. J. (1997). Memory beyond the hippocam-
pus. Curr. Opinion Neurobiol. 7: 209-216.

Wheeler, M. A, Stuss, D. T. and Tulving, E. (1997). Towards a theory of
episodic memory: The frontal lobes and autonoetic consciousness. Psychol.
Bull. 121: 331-354.



