
Brain activity associated with episodic memory 
Similarities and differences between encoding and

retrieval

DOCTORAL DISSERTATION 
to be publicly examined in b tl02 , Beteendevetarhuset, 

Umeå University, on Friday September 27th, 2002, at 13.15 
For the degree of Doctor of Philosophy

by

Jonas Persson



ABSTRACT

Persson, Jonas (2002). Brain activity associated with episodic memory: Similarities 
and differences between encoding and retrieval. Doctoral dissertation from the 
Department of Psychology, Umeå University, SE-901 87, Umeå Sweden: ISBN 
91-7305-315-5

Understanding the mnemonic functions of the brain has been extensively facilitated 
by the development of functional neuroimaging techniques such as positron 
emission tomography (PET) and functional magnetic resonance imaging (fMRI). 
The present thesis aims at investigating the neural mechanisms underlying memory 
for personally experienced events (episodic memory), using PET. In paper I, 
similarities between encoding and retrieval of enacted (motor) information were 
explored. We observed increased retrieval activation in right premotor areas in the 
brain when sentences encoded by motor enactment and sentences encoded by 
maintenance rehearsal were contrasted. In paper II, overlap between encoding and 
retrieval was explicitly tested for three types of event information: spatial, item, and 
temporal. Using conjunction analyses, we found that encoding and retrieval of 
spatial information was associated with increased brain activity in bilateral inferior 
parietal regions. Encoding and retrieval of item information were related to increased 
activation in right inferior temporal cortex, and encoding and retrieval of temporal 
information were associated with increased activation in left inferior temporal and 
left inferior frontal cortex. In paper III, brain activity associated with retrieval success 
was examined. Conditions included three levels of retrieval success (high, medium, 
and low level), for two types of information (pictures and sentences). The results 
showed a pattern of activation that distinguished between brain regions involved in 
processing of sentences vs. processing of pictures. A second pattern that 
distinguished between brain regions involved in encoding vs. retrieval processes, 
irrespectively of material (sentences and pictures) and retrieval success, was also 
found. The manipulation of retrieval success was associated with systematic changes 
in the correlation between material specific regions and other areas of the brain. In 
study IV, changes in activation related to successful retrieval of pictures were 
investigated. More specifically, we expected to find decreases in infero-temporal (IT) 
regions of the brain that were associated with successful recognition memory. As 
expected, we found a region in left IT cortex that showed decreased activation 
related to memory for event information. This decrease in activation could be 
dissociated from responses related to novelty detection, and perceptual priming. The 
results from study I and II are discussed in relation to findings and theories 
regarding similarities between encoding and retrieval processes, and reactivation of 
modality-specific brain areas important for memory storage. The results from studies 
III and IV are discussed in relation to differences between encoding and retrieval 
processes, e.g. asymmetric frontal activation and sub-processes of episodic memory, 
such as retrieval mode, retrieval success, and novelty detection. Taken together, the 
studies show that different episodic memory processes are correlated with distinct 
brain areas, hence supporting the view that remembering is based on multiple 
component processes.

Key words: Episodic memory, encoding, retrieval, positron emission tomography 
(PET), enactment, overlap, retrieval mode, retrieval success, novelty.
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personally experienced events (episodic memory), using PET. In paper 
I, similarities between encoding and retrieval of enacted (motor) 
information were explored. W e observed increased retrieval activation 
in right premotor areas in the brain when sentences encoded by motor 
enactment and sentences encoded by maintenance rehearsal were 
contrasted. In paper II, overlap between encoding and retrieval was 
explicidy tested for three types of event information: spatial, item, and 
temporal. Using conjunction analyses, we found that encoding and 
retrieval of spatial information was associated with increased brain 
activity in bilateral inferior parietal regions. Encoding and retrieval of 
item information were related to increased activation in right inferior 
temporal cortex, and encoding and retrieval o f temporal information 
were associated with increased activation in left inferior temporal and 
left inferior frontal cortex. In paper III, brain activity associated with 
retrieval success was examined. Conditions included three levels of 
retrieval success (high, medium, and low level), for two types of 
information (pictures and sentences). The results showed a pattern of 
activation that distinguished between brain regions involved in 
processing of sentences vs. processing o f pictures. A second pattern 
that distinguished between brain regions involved in encoding vs. 
retrieval processes, irrespectively of material (sentences and pictures) 
and retrieval success, was also found. The manipulation of retrieval 
success was associated with systematic changes in the correlation 
between material specific regions and other areas of the brain. In study 
IV, changes in activation related to successful retrieval of pictures were 
investigated. More specifically, we expected to find decreases in infero- 
temporal (IT) regions of the brain that were associated with successful 
recognition memory. As expected, we found a region in left IT  cortex 
that showed decreased activation related to memory for event



information. This decrease in activation could be dissociated from 
responses related to novelty detection, and perceptual priming. The 
results from study I and II are discussed in relation to findings and 
theories regarding similarities between encoding and retrieval 
processes, and reactivation of modality-specific brain areas important 
for memory storage. The results from studies III and IV are discussed 
in relation to differences between encoding and retrieval processes, e.g. 
asymmetric frontal activation and sub-processes of episodic memory, 
such as retrieval mode, retrieval success, and novelty detection. Taken 
together, the studies show that different episodic memory processes are 
correlated with distinct brain areas, hence supporting the view that 
remembering is based on multiple component processes.
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Introduction and background

Remembering past events, people we have met, things we have read, 
and different features in the environment is a fundamentally 
important aspect of everyday life. Cognitive psychologists and 
neuroscientists have studied memory involved in retention of such 
episodes extensively during the past decade. W ith the emergence of 
functional imaging techniques, such as positron emission tomography 
(PET) and functional magnetic resonance imaging (£MRI), it has 
become possible to identify the neural correlates of higher-order 
cognitive processes, including memory. These techniques provide a 
tool for localizing cognitive processes in the brain, but also contribute 
to the development of a theoretical framework for cognitive functions. 
In earlier investigation of brain-behaviour relationship, information 
about the neural correlates and connections involved in a specific type 
of memory has come from studies of memory-impaired patients (e.g. 
Squire, Knowlton, & Musen, 1993). Patient studies, together with 
cognitive psychology and studies of animal models of memory, have 
converged on the view that memory is comprised of dissociable 
memory systems (Schacter & Tulving, 1994; Squire, 1992a).

The multiple-memory systems view is one major theoretical 
account in the study o f human memory. Another view has stressed 
that different memory processes operate on specific memory tasks (e.g. 
Jacoby, 1983; Roediger, 1990). For example, one focus in the 
memory-process view has been on the distinction between 
conceptually-driven and data-driven tests (Jacoby, 1983). 
Conceptually driven tests are affected by encoding manipulations that 
involve conceptual elaboration, whereas data-driven tests are affected 
by manipulations o f surface information. In general, the systems view 
has been used more frequendy in investigating patients with specific 
memory impairments in the field of neuropsychology, and the 
processing view has commonly been adopted in studies of normal 
memory functioning. These two approaches have often been 
contrasted, but they both provide important insights into the 
principles of memory and should therefore be thought of as 
complementary rather than incongruent (Roediger, Buckner, & 
M cDermott, 1999). In the present thesis, emphasis is on episodic 
memory - a memory systems construct, but a memory process view 
will also be applied to investigate certain im portant concepts such as 
the relation between encoding and retrieval processes.
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W ith regard to the memory-systems view, a major distinction that 
has been proposed is between declarative and non-declarative forms of 
long-term memory (LTM, Squire et al., 1993). Declarative memory 
(explicit memory) refers to memory for facts and events that can be 
consciously retrieved, whereas non-declarative (implicit) memory 
refers to various forms of non-conscious abilities, such as classical 
conditioning, skill learning, and priming. These two types o f memory 
also have different characteristics. Declarative memory is relatively 
flexible, in the sense that a memory response can be made in a number 
of different ways, but not particularly reliable (forgetting occur and 
memories are affected by experience). Non-declarative memory, on 
the other hand, is reliable but not very flexible, that is, it is difficult to 
respond in a way that does not overlap with the original acquisition. 
For example, it has been shown that amnesic patients who gradually, 
with extensive training, acquire non-declarative skills have severe 
problems in using this knowledge in novel situations and difficulties in 
answering questions about what they had learned (Glisky, Schacter, & 
Tulving, 1986).

Another highly influential taxonomy has been establish by Tulving 
and colleagues (Schacter & Tulving, 1994; Tulving, 1983; Tulving & 
Schacter, 1990). This taxonomy distinguishes between four LTM 
systems: episodic memory, semantic memory, procedural memory, 
and a perceptual representation system. Episodic memory is defined as 
memory for personally experienced events that are related to a specific 
spatial and temporal context, such as remembering that your friend 
broke his arm while skating last new year’s day. Semantic memory 
refers to general knowledge about the world, and is often tested by 
instructing subjects to answer questions like “what was the name of 
Charles Darwin’s research vessel”? Procedural memory is related to 
learning and expression of motor, cognitive and perceptual skills, and, 
the perceptual representation system is involved in perceptual 
representations underlying object identification. There are apparent 
similarities between this classification and the one proposed by Squire. 
One important difference, however, is that Tulving regards semantic 
information as implicit, in the sense that when we recall factual 
information, this is not followed by recall of information o f when and 
where the information was first encountered. This view is supported 
by the fact that it has been demonstrated that patients with memory 
impairment can learn facts, while these patients are unable to form 
new episodic memories (Tulving, Hayman, & M cDonald, 1991; 
Vargha-Khadem et al., 1997)
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Behavioural studies of healthy subjects have demonstrated 
functional dissociations between performance on explicit and implicit 
tests (for a review, see Roediger & M cDermott, 1993) . For example, 
performance on explicit recognition tests is improved by “deep”, or 
conceptual, encoding, but often unaffected by changes in perceptual 
form. Perceptual priming, on the other hand, is greatest when 
perceptual forms at study and test match, but relatively unaffected by 
manipulations of conceptual encoding (Jacoby, 1983). Moreover, 
neuropsychological and neuroimaging studies have demonstrated 
differences between declarative and non-declarative memory at the 
neural level. For example, damage to hippocampal and diencephalic 
structures impairs memory performance on declarative memory tasks 
such as recall and recognition, but not on non-declarative tests of 
memory (e.g. Squire et al., 1993). In contrast, damage to modality- 
specific sensory cortices specifically impairs implicit perceptual 
memory (Gabrieli, Fleischman, Keane, Reminger, & Morrell, 1995), 
while damage to specific parietal, temporal, and frontal cortices impair 
implicit conceptual memory (Keane, Gabrieli, Fennema, Growdon, & 
Corkin, 1991). There is also pharmacological and developmental 
evidence for dissociations between explicit and implicit memory (for a 
review, see Nyberg & Tulving, 1996). This thesis is focused on 
declerative/explicit episodic memory, and next this memory system is 
discussed in more detail.

Episodic memory

As noted above, episodic memory makes it possible to remember 
information about an event as well as where and when this event 
occurred (Tulving, 1972). Memory for this type of information is 
tested in tasks that require conscious recollection of past experiences, 
such as recall o f a list of words or recognition of a series of pictures. 
Even if this definition was proposed in 1972, the notion of episodic 
memory and its characteristics had been described at the end of the 
past century (e.g. James, 1890). James idea of “secondary memory” 
involves the retrieval of a copy of an original event. This includes not 
only retrieval of the event per sey but also the relation between the past 
event (time and place) and information about the event. To retrieve 
such an event means to retrieve a feeling of the past, and are 
accompanied by “a general feeling of the past direction in time, then, a 
particular date conceived as lying along that direction, and defined by
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its name and phenomenal contents, an event imagined as located 
therein, and owned as part of my experience...”(James, 1890, p. 612).

Episodic memory can be sub-divided by the three separate, but 
inter-related, processes o f encoding, storage, and retrieval of 
information. It has been argued that the processes of encoding and 
retrieval in episodic memory are substantially different. For example, it 
has been shown that encoding and retrieval processes are differentially 
effected by divided attention tasks (Baddeley, Lewis, Eldridge, & 
Thomson, 1984; Craik, Govoni, NavehBenjamin, & Anderson, 
1996), and that depressive drugs have a negative effect on encoding of 
new information, but litde effect on retrieval of previously learned 
material (Curran, 1991). There are also reports describing patients 
that during an acute amnesic period were unable to recall daily events, 
but later, after recovery, capable of recalling information that where 
encoded during the amnesic period. This suggests that encoding and 
retrieval are dissociated in certain types of amnesia such that patients 
are capable of encoding moment-to-m oment events but unable to 
recall information during an amnesic period (Fukatsu, Yamadori, & 
Fujii, 1998).

Although several studies o f memory have found evidence for 
differences between encoding and retrieval processes, memory 
theories, and theories from the field of neuropsychology argue that 
substantial similarities exist as well. For example, it has been stated 
that to succeed in remembering a past event, internal and external cues 
need to interact with stored memories to give rise to a recollective 
experience (Tulving, 1983). Also, it has been extensively argued (e.g. 
Craik, 1983) that retrieval o f information basically is an attempt to 
recapitulate processes initially involved in the perception and 
conception of an event, and that a match between encoding and 
retrieval is essential for successful memory performance. These ideas 
are expressed in theories of memory such as the encoding specificity 
principle proposed by Tulving and Thom pson (1973). According to 
this principle, cues that are effective at retrieval are those that were 
associated with item information at encoding. Likewise, the transfer 
appropriate processing account (Morris et al., 1977) states that 
similarities between processing at encoding and test determine how 
well items are remembered. This view was developed from the levels of 
processing framework proposed by Craik and Lockhart (Craik & 
Lockhart, 1972) which stated that the nature and duration of a 
memory trace is influenced by the depth (e.g. semantic judgement or 
perceptual analysis) at which information is processed. Morris and
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colleagues (1977) found that “deeper” levels of processing (semantic 
orientation) did indeed lead to superior memory performance over 
“shallow” levels of processing (rhyming orientation) when given a 
standard recognition test, but that this effect was reversed when 
subjects were given another task, such as an rhyming recognition test. 
W hat is important is how the encoded information matches memory 
demands at test. The notion of overlap between encoding and retrieval 
has also been proposed by Kolers and colleagues (Kolers, 1979). Kolers 
argued that “recognition is achieved by virtue o f the correlation 
between operations carried out on two encounters with a stimulus 
event. The more similar the operations, the readier the recognition” 
(Kolers, 1979, p. 383). Encoding -  retrieval relations are also central 
in observations of state-dependent (Ryan & Eich, 1999), and context- 
dependent (Godden & Baddeley, 1975) effects on memory. It has 
been pointed out (Craik et al., 1996) that overlap between encoding 
and retrieval at a behavioural level may be evident as encoding- 
retrieval relations at the neural level, and activation in similar brain 
regions at encoding and retrieval is central in neural network models 
of memory as well (McClelland, M cNaughton, & O'Reilly, 1995). In 
addition, researchers in the field of neuropsychology have proposed 
that neural pathways involved in initial perceptual processing of an 
event also are engaged in their storage and recovery (Damasio, 1989; 
Moscovitch, 1992; Squire, 1992b).

I will now turn to another important issue regarding episodic 
memory, that of recollection and familiarity. There are times when we 
fail to remember the contextual information accompanying a specific 
event, such as when we recognize a person on the way to work but fail 
to remember when or where we have met this person before. It has 
been hypothesized that these two processes, to know that you have 
seen someone before but cannot remember where and when 
(“knowing”) or to know that you have seen someone before because 
you can remember a specific episode (“remembering”), differ in how 
strongly specific information comes to mind. According to this view 
“knowing” represents a weaker memory trace than “remembering” and 
these two processes differ only in memory strength. Another view is 
that these two processes are dissociable such that remembering past 
experiences can be based on either (i) recollection, which is conscious 
retrieval of a past event together with contextual information of that 
specific episode, or (ii) familiarity in which no contextual information 
is retrieved (e.g. Jacoby, 1991; Mandler, 1980; Yonelinas, 1994). The 
concept of recollection and familiarity was emphasized by Tulving

5



(1985) as characteristics of two states of awareness, autonoetic and 
noetic. Tulving developed a procedure to measure the state of 
awareness such that if  retrieval was accompanied by a conscious 
experience, the subjects were asked to report this as a “remember” 
response. W hen subjects experienced the feeling of familiarity, in the 
absence of conscious recollection, subjects were asked to make a 
“know” response. The distinction between remember/know responses 
is similar to the distinction between recollection and familiarity. 
Importandy, from Tulving’s point of view familiarity (“know” 
responses) are considered as semantic memories and not episodic. 
O ther methods for examining to what extent memory judgements are 
based on familiarity or recollection have also been used. For example, 
if recollection is indicated by retrieval of information about a study 
event, then it is possible to use tests in which subjects are asked to 
make recognition judgements about the concomitance of different 
aspects of the study event, such as item-context associations (e.g. was 
the item presented in study list 1 or study list 2?). Accordingly, tests of 
context associative recognition can be used as an index of recollection, 
while tests o f item recognition may reflect recollection- and/or 
familiarity-based responses.

A biological basis for episodic memory

Neuropsychological evidence suggests that different types of memory 
depend on different (although most likely overlapping) cortical 
regions (Schacter & Tulving, 1994). Episodic memory function is 
generally impaired after damage to medial temporal lobe (MTL) 
structures (i.e. the hippocampus, parahippocampal gyrus, perirhinal 
cortex, and entorhinal cortex), or to the diencephalon. This was first 
reported by Scoville and Milner (1957) in their description of patient 
H .M . who suffered from memory impairment following bilateral 
removal o f M TL regions. This initial report, together with later 
studies showed that M TL regions were involved neither in the 
processing of short-term memories nor in the storing o f old long-term 
memories. Instead, damage to these regions was associated with an 
amnesic syndrome, such as severe forgetfulness for new information 
(anterograde amnesia), and for some information acquired before the 
damage (retrograde amnesia). General knowledge, however, is usually 
intact (Parkin & Leng, 1993). Retrograde amnesia is typically 
temporally graded, so that recent memories are more affected than 
remote memories. In patients with restricted damage to the

6



hippocampus, the retrograde amnesia may be short, perhaps restricted 
to one or two years prior to the damage (Zola-Morgan, Squire, & 
Amaral, 1986). In patients with more extensive lesions, the retrograde 
amnesia may extend to one or two decades prior to injury (Squire, 
Haist, & Shimamura, 1989).

Thus, the MTL seem to be specifically involved in encoding new 
information, and for consolidating memory for a limited period 
following the lesion, but not for storage itself (e.g. McClelland et al., 
1995). This consolidation is a gradual process where information 
eventually becomes independent o f M TL structures. Hence, the M TL 
system may serve to bind together different aspects of a memory and 
produce coherent memories that later can be accessed through many 
routes. Even though M TL and diencephalic structures are crucial for 
establishing new information, episodic memories are most probably 
stored in neocortex, possibly in or near the same regions involved in 
initial processing of specific event information (e.g. Damasio, 1989).

It has been proposed that the processes of familiarity 
discrimination (knowing) and recollective matching (remembering) 
can be dissociated in terms of brain correlates. For example, it has 
been showed that patients with selective damage to the hippocampus 
perform well on tests o f familiarity discrimination and factual 
knowledge, but that recollection memory is severed (Mayes, van Ejik, 
Gooding, Isaac, & S, 1999; Vargha-Khadem et al., 1997). Mayes and 
colleagues (1999) found that one patient showed a severe deficit in 
recollection, but had markedly preserved recognition memory, 
especially on tests related to judging the prior occurrence o f individual 
items. Based on these findings, and findings from neuroimaging and 
animal studies it has been argued (Brown & Aggleton, 2001) that 
recollection depends primarily on the hippocampus, whereas 
familiarity depends on adjacent structures, such as the perirhinal 
cortex.

Until recendy, the dominating view on frontal lobe function was 
that lesions in this part o f the brain is not followed by a full-scale item 
memory impairment (Milner, 1964), or that frontal lobe lesions only 
impair certain memory tasks, such as memory tested by recall 
(Janowsky, Shimamura, &  Squire, 1989). However, it has been found 
that patients with frontal lobe lesions do exhibit substantial 
impairment on a variety o f memory tests including both recognition 
and recall tests of memory (for a review, see M. A. Wheeler, Stuss, & 
Tulving, 1995). Still, frontal lobe patients are more impaired when 
tested by free recall, compared to recognition memory tests. This
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suggests that subjects during tests of free recall need to use self- 
generated memory strategies and therefore require considerable use of 
search and retrieval processes. In addition, frontal functions, such as 
the use of strategies and organization, might be needed to enhance 
memory performance on non-strategic tests, such as recognition, as 
well. Patients with lesions comprised to the frontal lobes display a 
variety of other deficits that impair memory performance. For 
example, it has been shown that the ability to retrieve information 
regarding where and when an event has occurred (source memory) is 
impaired in patients with frontal lobe lesions (Shimamura & Squire, 
1987). The findings o f specific source amnesia support the 
dissociation between memory for item information and memory for 
contextual information discussed earlier.

In a similar vein, Milner (1971) reported that patients with frontal 
lobe lesions show impairment in the temporal organization of 
memory. It was found that when subjects were shown a series of words 
or pictures and asked to decide which one of two stimuli that were 
presented more recently, subjects with frontal lobe lesion performed 
considerably worse on this task compared to a control group. Also, 
frontal lobe lesions have been reported to affect metamemory 
(Metcalfe & Shimamura, 1994). Metamemory is the ability to make 
judgements and predictions regarding ones own memory abilities and 
knowledge about strategies that can support memory. For example, 
frontal lobe patients display deficits in metamemory when they are 
asked to make judgements of what they know (e.g. “how likely is it 
that you recognize a word if some choices are given?”). That is, 
memory performance was not significandy reduced, but patients were 
unable to determine what they did or did not know.

Regarding other areas of the neocortex, material- and modality- 
specific memory deficits may follow selective neocortical damage 
(Caramazza & Hillis, 1991). These impairments, however, are 
generally not restricted to the functions of episodic memory. Taken 
together, neuropsychological studies have made it possible to link 
particular brain regions and systems to various kinds o f memory 
processes. Even if the investigation of patients with memory disorders 
has become increasingly sophisticated during the recent years, several 
im portant issues remain to be solved. Next, I will describe how new 
neuroimaging techniques can complement neuropsychological studies 
in the goal of understanding the neural correlates of episodic memory.
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Memory and neuroimaging

The search for knowledge regarding the functional organization of the 
human brain, using methods that measures changes in brain 
circulation, has engaged scientists for more than a century. The Italian 
physiologist Angelo Mosso (1881) documented the pulsation of blood 
in the human cortex in patients with skull defects after neurosurgical 
procedures. W hat Mosso demonstrated was that this pulsation 
increased in specific areas of the brain during mental activity and 
concluded that brain circulation changes selectively with neuronal 
activity. Also, Paul Broca, best known for his observations of 
impairments on language functions following lesions to the left frontal 
operculum, studied the effects of various mental activities on the 
localized temperature of the scalp of his students. These 
measurements, which seem rather unreliable, were done without any 
knowledge of the functional anatomy of the cortex, but still yielded 
considerably accurate results. The first systematic measurement of 
functional brain activation was John Fulton’s (1928) observations of 
changes in cortical blood flow in the cortex depending on the mental 
activity. He found, in a patient who was treated for visual loss, that 
activation in occipital cortical areas correlated with visual activity. For 
example, opening the eyes was followed by a slight increase in blood 
flow, while reading produced significant increases.

The next step was taken in the mid 50’s when Kety and colleagues 
(1955) introduced the in vivo tissue autoradiographic recordings of 
regional blood flow in laboratory animals, which was followed by the 
development of quantitative methods for measuring whole brain 
blood flow and metabolism in humans using detectors arrayed like a 
helmet over the head (Ingvar & Risberg, 1965; Lassen et al., 1963). A 
few years later, techniques using radioactive tracers for regional 
measurements of glucose metabolism in animals (SokolofF et al., 1977) 
was developed. W ith the development of the more sophisticated 
methods such as positron emission tomograhy (PET) it became 
evident that these techniques could be used for highly reliable 
measurements of brain function (for a more complete historical 
account, see Raichle, 2001).

Although patient studies has provided the basis for understanding 
brain — behavior relationships in relation to cognitive functions, 
neuroimaging provides a complementary new tool for investigating 
the neural underpinnings of cognitive functions. First, in general, 
neuropsychological studies deal with lesions that vary markedly in size
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and location across different patients. W ith PET and fMRI it is 
possible to more precisely differentiate specific regions in the brain. 
Secondly, with functional imaging techniques it is possible to 
investigate different sub-processes o f memory, such as encoding and 
retrieval. Using neuropsychological methods it is not possible do know 
whether a lesion is effecting encoding processes, retrieval processes, or 
both. Thirdly, patients may in some cases perform equally well as 
control subjects on memory tests. This can be partly related to 
subjects’ use of behavioural strategies that compensates for any 
memory impairment following a lesion. Also, the brain can 
compensate for damage by recruiting neighbouring areas or 
homologous regions in the contralateral hemisphere for a specific task 
(e.g. Buckner, Corbetta, Schatz, Raichle, & Petersen, 1996). This 
behavioural and neural compensation is usually referred to as 
plasticity. Finally, different regions across the brain are recruited (and 
interacting with each other) in order to perform a specific task, and if 
a focal region is damaged, the behavioural impairment may be difficult 
to assess using neuropsychological tests. Neuropsychological studies 
can be used to study whether a region is involved in a specific task, but 
it is impossible to elucidate this region’s contribution in a larger 
system of regions. Neuroimaging techniques can help overcome these 
limitations of the lesion method by making in vivo localization of 
memory functions in the human brain possible. There are, however, 
limitations to imaging techniques as well. For example, with lesion 
methods it is possible to make inferences about whether a region is 
critical for normal performance on a specific task, while activity in a 
specific area, as assessed by neuroimaging methods, only give 
information about a specific regions’ involvement, not its importance.

To date, the majority of neuroimaging studies of memory have 
investigated basic memory phenomena such as activation related to 
encoding and retrieval o f different kinds of material, differences in 
activation between attempts to retrieve episodic information and to 
successfully retrieve information, activation related to encoding new 
information and the like (for a review, see Cabeza & Nyberg, 2000). 
Some effort has also been made to find neural correlates associated 
with different memory processes described in theories derived from 
behavioural studies like levels of processing (Craik & Lockhart, 1972), 
encoding specificity principle (Tulving & Thompson, 1973) and 
differences between familiarity and recollection (e.g. Jacoby, 1991; 
Mandler, 1980; Yonelinas, 1994).
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Below, a review of neuroimaging studies of episodic memory is 
presented. Before that, neuroimaging methods are discussed in some 
detail.

Methods

There are several ways to investigate the neural correlates of memory. 
One way is through electro-physiological techniques such as 
electroencephalography (EEG), magnetoencephalography (MEG), and 
event-related potentials (ERP). Elecroencephalography and ERP 
measure electrical activity of the brain by placing electrodes onto the 
skull, while M EG measures magnetic signals. W ith ERP it is possible 
to measure brief changes in an EEG potential to a discrete stimulus, 
which makes this technique useful in the study of cognitive functions. 
MEG is similar to ERP, but has a slighdy better spatial resolution. 
ERP, EEG, and M EG have superior temporal resolution compared to 
hemodynamic techniques, such as PET and fMRI. Another useful 
technique is to measure activity in single neurons by single-cell 
recordings in patients, and in animals, such as rats, monkeys. By doing 
so, it is possible to investigate how single cells fire in response to 
different kinds of stimuli. Since this technique is mainly used on 
animals (the number of studies with patients is relatively small) it is 
difficult to use it for studying higher cognitive functions, such as 
episodic memory. Finally, hemodynamic techniques provide another 
useful tool for studying brain -  behaviour relationships. W ith these 
techniques it is possible to investigate activation in discrete parts of the 
brain during cognitive tasks, by measuring changes in blood-flow 
(PET, single-photon emission computerized tomography - SPECT) or 
changes in oxygen levels in the blood (fMRI). Two of these 
techniques, fMRI and PET, will be described in more detail below.

Positron Emission Tomography (PET)

W ith PET it is possible to obtain a reliable index of whole-brain 
activation by measuring local changes in blood-flow or glucose 
metabolism. It is also a technique that can be used for measuring 
receptor density in the brain in relation to distribution of transmitters, 
such as dopamine (e.g. Farde, Hall, Ehrin, & Sedvall, 1986). The 
majority of PET studies of cognitive functions have used regional 
cerebral blood flow (rCBF), as this measure provides a reliable index of
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whole-brain functioning (Raichle, 1994). W hen an area o f the brain is 
engaged in a specific task more oxygen is needed in that specific area, 
which is followed by an increase of rCBF. This increase in rCBF can 
be measured by means o f distribution of a radioactive isotope in the 
brain. The tracer (typically radiolabelled water, H 2150 )  is usually 
introduced in the blood stream by injecting it into a vein in the arm. 
A positively charged electron (a positron) is emitted from the tracer 
and when it collides with nearby negatively charged electrons, two 
photons of equal energy travel in an anti-parallell (180°) angle from 
the point of collision. The photons are registrated by detectors 
surrounding the subjects’ head, a method known as coincidence 
detection. This gives PET a much better spatial resolution than 
hemodynamic techniques based on single photon emission, such as 
SPECT. Changes in cerebral blood flow are represented by the pattern 
of photon counts (the distribution of tracer), and reflects the pattern 
of brain activity (for a review , see Posner & Raichle, 1994). Only 
small amounts of the tracer, which decays quickly, (the half-life for 
H 2150  is 2 minutes) are needed, making the exposure of subjects to 
radiation minimal and without risk. This makes it also possible to 
make multiple measurements on each subject. Since the hemodynamic 
response is relatively slow, the temporal resolution for PET is low 
compared to electrophysiological techniques.

A typical cognitive PET experiment comprise o f 6-10 scans per 
subject, with an interscan interval of 10-15 minutes. In each of the 
scans, the measurement of cerebral blood flow begins a few seconds 
after each injection, when the tracer has reached the brain. Each of the 
scans lasts about 60 seconds. The differences in regional cerebral blood 
flow correspond to averaged neuronal activity during the whole 
scanning window. Hence, in blocked PET studies, activation 
associated with a specific task is identified, but not activation related 
to a particular item (e.g. remember a specific picture within the scan). 
One way to overcome the limitation in temporal resolution is to 
combine PET with other measures with a better temporal resolution, 
such as ERP’s. In order to increase the signal-to-noise ratio in the data 
each condition is often scanned several times, and data for a number 
of subjects (typically 6-12) are pooled together. Before images are 
analysed, movement artefacts are corrected for, and individual 
differences in brain anatomy are cancelled out by normalizing each 
image to a standardized brain space. In all studies in this thesis 
between 8 and 12 subjects were used, and the subjects were between 
18 and 41 years of age. The subjects were also asked to fill out a
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medical questionnaire, and given information about the studies before 
the experiments started. All subjects were right-handed. More detailed 
description of the methodology and subjects characteristics are given 
in each paper.

Functional magnetic resonance imaging (fMRI)

A related hemodynamic technique is functional magnetic resonance 
imaging (fMRI). It has been known since the early 20th century that 
atomic nuclei rotate around their own axis, a property known as 
“spin”. This property of “spin” can be observed in the nucleus of the 
hydrogen atom, which behaves like tiny dipole bar magnets with a 
magnetic field surrounding its nucleus. In field-free space, the 
magnetic dipoles of the hydrogen atoms are oriented randomly, but if 
they are placed within a high-strength magnetic field they will start 
rotating aligned with (or against) the applied magnetic field. W hen 
the hydrogen atoms are aligned in parallel with the magnetic field they 
are in a lower state of energy than when they are aligned anti-parallel 
with the magnetic field. W hen a force, in forms of a radio frequency 
field, is applied on the magnetic field the atoms are transferred to a 
higher energy state, i.e. the tiny dipolar bar magnets are “flipped”. 
W hen the atoms are flipped back to their natural energy state a small 
amount o f energy is transferred to the environment. This energy is 
picked up as a signal by detectors surrounding the subjects’ head. O f 
main importance is that the signal from the working brain is different 
depending on the level of oxygen in the blood. If  hemoglobin binds to 
oxygen (oxy-hemoglobin) the signal is stronger, but if hemoglobin is 
not binding to oxygen (deoxy-hemoglobin) the signal will be weaker. 
As with PET, increases in brain activation in a specific region in the 
brain leads to a higher demand for oxygen in that region. By this way, 
the detection of differences in the signal between oxy-hemoglobin and 
deoxy-hemoglobin in specific regions in the brain can be used as a 
reliable index of brain activation.

One major advantage with fMRI is that it is possible to measure 
effects that are associated with a specific class o f items without using a 
blocked design (that is, averaged scanning for a block of items, e.g. 
during memory encoding of 20 pictures). This makes it possible, for 
example, to measure activation during encoding o f a picture and relate 
this activation to whether the picture actually was remembered in a 
subsequent memory test. This approach to brain imaging analyses is 
called event-related designs and has been widely used during the
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recent years (e.g. Buckner, Bandettini et al., 1996). This procedure 
makes it possible to combine several different item types together or 
classify trials by subject performance (e.g. whether subjects correctly 
recognize an item or not). Blocked designs are used to measure 
sustained processes related to a state, e.g. the attempt to recognize a 
series o f items. Event-related designs are used to measure transient 
processes related to specific items. Recendy, techniques for measuring 
both state- and item effects combined during a single experiment have 
been developed (Donaldson, Petersen, Ollinger, & Buckner, 2001). 
Another advantage with £MRI compared to PET is that it is non- 
invasive; no injection o f any kind is needed to measure activation. 
Since there is no decay rates and radiation doses to take into account 
many conditions can be used and data can be collected over several 
days.

Analysis of PET data

Since all studies in this thesis were done using PET, focus in this 
section will be on analysis of PET data. The most common way to 
analyse the images is the subtraction method. (Fox, 1991, Fig. 1).

In this method a reference (baseline) task is subtracted from a 
target condition (the experimental condition of interest), and 
differences are identified by pixel-by-pixel comparisons based on the t- 
statistic (e.g. Friston et al., 1995, www.fil.ion.ucl.ac.uk/spm/). O f 
great importance in PET and fMRI studies is to select a reference task 
that only differs in terms of the process o f interest (Petersen, Fox, 
Posner, M intun, & Raichle, 1988; Roland, Kawashima, Gulyas, & 
O'Sullivan, 1995). If  the selection of tasks is carefully done, the 
subtraction between target and reference images yield an image that 
indicates the brain regions that are differentially involved in the 
specific process of interest. I f  brain regions show higher level of rCBF 
in the target task compared to the reference task, the target task is 
associated with an increase in brain activation. Brain regions that show 
a lower level of blood flow during the target task than during the 
reference task are associated with deactivations.

An alternative to the subtraction paradigm for analysing PET and 
fMRI data is to use partial least squares (PLS, McIntosh, Bookstein, 
Haxby, &C Grady, 1996). PLS is a multivariate statistical approach, 
very much similar to principal component analysis and factor analysis. 
PLS identifies a set o f latent variables (represented as brain activation 
images) that best represent the relation between measures of blood
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flow and a set of vectors that code for some aspect of the experimental 
design. This analysis also makes it possible to investigate functional 
connectivity among a set of brain regions, that is, to investigate how 
one region interacts with a set of other regions in terms of changes in 
correlation across experimental tasks. A specific region can be selected, 
and the correlation between this specific region and other regions 
across the brain and across subjects can be measured. Hence, it is 
possible, using PLS, to sort correlations into what is similar and 
different across conditions making it possible to compare correlation 
maps across experimental conditions.
Stimulation Control Difference

Individual difference images

Figure 1. Illustration of the subtraction paradigm. Activation is shown on 
horizontal slices. The upper row shows brain activation when a control 
condition is subtracted from a experimental condition, which produce a 
difference image for each subject. The middle row shows multiple 
individual images. These images are then averaged to increase power, 
producing the image at the bottom. Adapted from Posner & Raichle 
(1994).

There are also methods for analysis that aim at investigating 
similarities between experimental conditions (e.g. overlap between 
encoding and retrieval). One way to measure similarities is by ways of 
a conjunction analysis (Price & Friston, 1997). Conjunction analyses
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are designed to identify regions that share a processing difference 
between two or more contrasts. By identifying overlapping activation 
patterns, it is possible to associate these with a shared processing 
component. Another way is to use those brain regions involved in one 
contrast as a “mask” by which other contrasts are analysed. Doing so, 
regions that are involved in one contrast will only be identified if these 
regions were activated in a second contrast, and other activated regions 
will be excluded from the results. By using conjunction or masked 
analyses one can also avoid the problem o f “pure insertion” (Friston et 
al., 1996). The problem with pure insertion is relevant in simple 
subtraction analyses based on the assumption that a task manipulation 
changes only a single cognitive process, leaving other processes 
unaffected. In fact, the difference between two tasks may actually be 
associated with numerous cognitive changes, such as implicit 
processing not specifically related to the task at hand. By using e.g. 
cognitive conjunction analyses, regions that express additional 
cognitive components are discounted because the interactions are 
unique to each task pair.

Results in PET and fMRI are represented both graphically, as 
activation maps of the brain, and numerically, in terms of 
neuroanatomical peak activations within an area o f the brain. The 
location o f peak activations is indicated by three-dimensional 
coordinates (x, y, z,) in reference to a stereotactic brain atlas, such as 
Talairach and Tourneaux (1988) or the atlas from the Montreal 
Neurological Institute (M NI). By using a standard metric for 
localization it is easy to compare PET and fMRI results across 
experiments, and between research groups, independent of differences 
in preference regarding neuroanatomical taxonomy. It also makes it 
possible to examine, in meta-analyses, similarities in activation 
between different studies from different laboratories.

Episodic memory and neuroimaging -  a brief 
review

Episodic memory encoding and retrieval

Every day we come in contact with new events and experiences, some 
of which are forgotten and some later remembered. How well we 
remember these events depend in part on processes that are involved 
when we initially encounter them, such as the level of attention,
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encoding strategies, and the like. Encoding can be defined as processes 
involved in the formation of new memories that will allow subsequent 
retrieval of information. Encoding of information into episodic 
memory can be either incidental or intentional. During intentional 
encoding subjects are explicidy instructed to remember information 
for a subsequent test. Incidental encoding, on the other hand, refers to 
encoding when subjects make no specific attempts to acquire the 
information. In general both incidental and intentional encoding have 
been associated with activation in multiple areas of the brain (for a 
review, see Cabeza & Nyberg, 2000).

Retrieving information from memory involves a number o f sub
processes such as activating representations stored in memory 
("ecphory", Tulving, 1983), attempts to retrieve information, and 
higher-level functions such as retrieval strategies. In experimental 
settings episodic memory retrieval has usually been studied by 
presenting a number of items, e.g. words, pictures, or sounds, and 
later testing how well subjects remember this information. This can be 
done by either asking the subjects to try to remember as many items as 
possible without any cues (free recall), with cues present (cued recall), 
or recognizing previous items when presented a second time 
intermixed with new items (recognition). Sub-processes like encoding 
and retrieval have typically been difficult to study in cognitive 
psychology using behavioural methods. Using neuroimaging methods 
it is possible to differentiate between such sub-processes.

In this section some of the findings from neuroimaging 
experiments that aim at investigating different aspects of episodic 
memory are reviewed. The review is organized in a region by region 
fashion, with different memory processes discussed in context of each 
region. The choice o f regions and memory processes is based on their 
relative impact on the field. In a second part of the review, 
hemispheric asymmetries in episodic memory, and similarities 
between encoding and retrieval processes are discussed.

The frontal lobes

Even though prefrontal activation during memory tasks was already 
found in the early studies of episodic memory (Grasby, Frith, Friston, 
Bench, & Frackowiak, 1993; Squire, Ojemann, Miezin, & Petersen, 
1992), this observation went relatively unnoticed. For example, in the 
Grasby et al. (1993) study, bilateral PFC activation was found during 
encoding and recall of words. In both studies, PFC activation was

17



discussed in relation to encoding and retrieval strategies, devoid of any 
extended elaboration at the time.

After these pioneer studies, episodic encoding and retrieval of 
verbal and non-verbal information have been extensively investigated. 
For example, prefrontal activation during intentional encoding of 
verbal material was investigated in a study by Shallice and colleagues
(1994). In this study, an easy distracter task was used during encoding 
(associated with both episodic encoding and semantic processes), and 
compared to a difficult distracter task (involving only semantic 
processes). This comparison revealed activation in left dorsolateral 
PFC (BA 45/46). In another study (Kapur et al., 1994), incidental 
encoding was investigated using the levels of processing paradigm 
(Craik &  Lockhart, 1972). Subjects encoded words either by detecting 
the presence of letter “a” in the words (shallow encoding) or by 
judging whether the words could be categorized as living/non-living 
(deep encoding task). Behavioural data showed an advantage for the 
deep encoding task compared to the shallow encoding task and the 
contrast o f deep vs. shallow encoding showed increased rCBF in the 
left inferior PFC (BA 45, 46, 47, and 10). Encoding of non-verbal 
material has also been extensively investigated. For example, in one 
study left PFC activation (BA 11 and 45) was found when subjects 
encoded faces as compared to a face matching perceptual control task 
(Haxby et al., 1996), and left PFC activation was also observed when 
encoding o f spatial locations was contrasted with recognition o f spatial 
locations (Owen, Milner, Petrides, & Evans, 1996).

It is clearly evident that some of the events we experience are 
remembered and others are forgotten. The capacity we have for 
remembering past experiences depend in part on neural processes 
initiated when we encounter a new event. One important aspect is 
therefore to identify the underlying neural processes that have an 
impact on whether an event is remembered or forgotten. One 
approach is to describe how different encoding operations influence 
subsequent memory performance. The neural correlates associated 
with effective encoding of an experience can be measured by 
monitoring brain responses during an event and relate this observation 
to whether the event was remembered or not. A powerful approach for 
studying memory encoding is the “subsequent memory paradigm”, in 
which measures of neural responses are related to later memory 
performance. As noted above, using event-related techniques it is 
possible to record the neural signature during encoding, and later 
compare activation for items that were subsequently remembered to
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items that were subsequently forgotten. In one study (Wagner et al.,
1998), event-related £MRI was used to assess the correlation between 
brain responses for individual words in a semantic incidental encoding 
task (abstract/concrete judgements) and whether the words was either 
remembered with high confidence, remembered with low confidence, 
or not remembered. W hen comparing high confidence hits with 
misses activation was observed in a left prefrontal region. In a similar 
study using pictures (Brewer, Zhao, Desmond, Glover, & Gabrieli,
1998), regions activated in a right inferior PFC region during 
encoding were positively correlated with memory performance. This 
clearly suggests that encoding of information that will be remembered 
during retrieval involve different prefrontal regions depending on the 
information used, with verbal information being associated with left 
inferior PFC responses during encoding, and pictorial encoding 
associated with right inferior PFC activations.

Episodic memory retrieval has also been widely investigated (for a 
review, see Cabeza & Nyberg, 2000), and results related to different 
aspects of retrieval, such as retrieval mode, and monitoring will be 
discussed in more detail later. In an early study of retrieval of verbal 
information, Shallice and colleagues (1994) compared a cued recall 
task with a semantic retrieval task. They found increased brain activity 
in right PFC regions (BA 10 and 47) when cued recall and semantic 
recall were contrasted. Retrieval of non-verbal material was 
investigated in a study by Owen and colleagues (Owen et al., 1996), 
who found increased activity in right PFC when retrieval of object 
features compared to encoding object features (BA 47). Likewise, 
Buckner and colleagues (1995) instructed subjects to learn words prior 
to scanning. Later, rCBF was measured while subjects were presented 
word stems and instructed to recall the study words that completed 
the stems. Increased activity during this task was found in dorsolateral 
and anterior PFC. Increased activation in prefrontal areas has also 
been observed during retrieval of faces (Andreasen et al., 1996), and 
object locations (Moscovitch, Kapur, Köhler, & Houle, 1995).

Material-specific effects have also been directly investigated by 
comparing novel and familiar words and pictures in relation to 
subsequent memory effects (Kirchoff, Wagner, Maril, &  Stern, 2000). 
In this study, encoding of novel pictures that were later remembered 
activated regions in right posterior inferior prefrontal cortex (BA 
6/44). Encoding of novel words differentially activated left posterior 
inferior prefrontal cortex (BA 6/44) and left anterior inferior 
prefrontal cortex (BA 45/47).
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Taken together, a number of PFC regions have different aspects of 
episodic encoding and retrieval. In general, the most commonly 
activated regions during episodic memory encoding are BA 44, 45, 
and 9/46. M ost of these activations have been left: lateralized, but 
several right-sided activations during encoding have been reported (the 
HERA-model will be discussed in more detail later). Prefrontal 
activation has been found for both incidental and intentional 
encoding tasks. Episodic memory retrieval is mainly associated with 
right PFC activation, especially in anterior PFC regions (BA 10), but 
in several studies bilateral activation has been reported. Encoding 
activity during encoding related to subsequent successful retrieval 
show a clear material-specific tendency, with left PFC regions 
associated with verbal material, and right PFC regions associated with 
non-verbal material. Next, retrieval activations related to three 
potential results regarding the am ount of information retrieved will be 
discussed. As the amount of retrieved information increases during 
retrieval, prefrontal activation may increase (retrieval success), remain 
constant (retrieval mode), or decrease (retrieval effort). Even though 
these three outcomes may all be related to PFC function, it is highly 
plausible that these processes are represented in discrete PFC areas.

Retrieval success -  to correctly recover information from 
memory

So, what makes retrieval successful? Observations from cognitive 
psychology have proposed an im portant role for the interaction 
between cues at retrieval and stored information in episodic memory 
(Tulving, 1983). Therefore, to recall prior events as familiar it is 
im portant that cue information interact with stored information about 
that event. Then, what about the process o f correctly indicating that 
one does not recognize a specific event (correct rejection)? In this case 
there is no stored representation of the event for a cue to interact with. 
Notably, it has been suggested that correct rejection is not merely a 
failure to match a stored representation with a sample stimuli (Kolers 
& Palef, 1976), which is in good agreement with the fact that correct 
rejections normally are fast. Such short responding times could not be 
possible if  one has to carry out a full search of all memory 
representations to make a response. Alternatively, the significant 
difference between correct recognition and correct rejection might be 
the possibility to reinstate psychological operations that were initially 
directed to the event (Kolers & Palef, 1976). This kind of
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reinstatement can occur only for events that have been presented and 
not for novel events. Therefore novel events will not evoke 
psychological operations related to them and they can be rejected 
based on the lack of that signal.

Most neuroimaging studies have investigated retrieval success by 
assessing brain activation during correct recognition and correct 
rejection. Recognition o f old items compared to new items reflects 
processes o f retrieval success, or alternatively, processes related to 
recognizing something as familiar, such as post-retrieval processes.

There are two basic approaches that have been used to manipulate 
retrieval success: either by vary the amount of retrievable information 
(target density) or changing the instructions at encoding in a way that 
effect subsequent memory retrieval performance (e.g. deep or shallow 
encoding). Several of these studies have found activation in right 
prefrontal areas, suggesting that right PFC specifically mediates 
retrieval success. This assumption has been demonstrated in several 
studies in which the numbers o f successfully retrieved target items was 
manipulated (Andreasen, Oleary, Cizadlo et al., 1995; Buckner, 
Koustaal, Shachter, Wagner, & Rosen, 1998; Kapur et al., 1995; 
Rugg, Fletcher, Chua, & Dolan, 1999; Rugg, Fletcher, Frith, 
Frackowiak, & Dolan, 1996; Tulving, Kapur, Markowitsch et al., 
1994; Tulving, Markowitsch, Craik, Habib, & Houle, 1996). The 
most common findings concerns right anterior and dorsolateral PFC 
(BA 9, 10, and 46). For example, Rugg and colleagues (Rugg et al.,
1999) found increased activation in right anterior frontal cortex (BA 
10) when high and low retrieval success was contrasted.

Several studies have also found left PFC activation during retrieval 
success. In a multi-study analysis of PET data from five studies, Habib 
and Lepage (1999) compared blocks of old item with blocks of new 
items. In this analysis, studies using both pictures and words were 
included. The results showed a network of regions, including left 
anterior PFC, medial parietal cortex, and left parietal cortex that were 
more activated in conditions with old items. Left PFC regions have 
also been identified using event-related fMRI designs in which 
retrieval success can be studied for individual items (Henson, Rugg, 
Shallice, Josephs, & Dolan, 1999; Konishi, Wheeler, Donaldson, & 
Buckner, 2000). For example, Henson et al., (1999) set up a study 
that aimed at investigating differences in brain activation when 
subjects judged whether items were (i) recollected (remember) (ii) 
familiar {know) or (iii) not previously presented {new). Increased 
haemodynamic response in a left PFC region was observed when
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remember judgements were compared to new judgements. Similarly, 
Konishi and colleagues (2000) demonstrated left anterior PFC 
activation when correctly recognized and correctly rejected items were 
compared.

Prefrontal activation during high levels of recognition have been 
interpreted as reflecting post-retrieval processes (Rugg et al., 1996) 
that are working in parallel with retrieval o f information from episodic 
memory. According to this view higher brain activation during 
successful retrieval may reflect increased demands on cognitive 
processes that acts on the products of memory retrieval such as the 
monitoring of whether the retrieved information is adequate for the 
task at hand (Rugg et al., 1996; Shallice et al., 1994). This assumption 
leads to the prediction that specific regions in the brain are involved 
when retrieval is successful and the am ount of information for post
retrieval processes to operate on are high. Rugg and colleagues (1996) 
found that activation in right PFC and bilateral AFC increased as a 
function of target density (0, 20, 80%). However, using pairwise tests 
significant increase in activation was only found in the comparison of 
20% and 0% target density conditions, not in the comparison of 80% 
and 20% target density conditions. It was suggested that the right 
PFC activation associated with retrieval success disappears when the 
old : new ratio increases. This idea is supported by studies reporting 
right PFC activation in a contrast of 0% and 100% target density 
(Tulving, Kapur, Markowitsch et al., 1994) but not when 85% and 
15% target density is contrasted. These, results, however, stands in 
contrast to the results reported by Nyberg and colleagues (Nyberg et 
al., 1995). They found that right PFC activation did not vary as a 
function of retrieval success.

Taken together, there are still issues related to PFC functioning 
and retrieval success that remain to be solved. For example, both right 
and left PFC activation has been found during successful retrieval 
indicating that PFC regions play a role in retrieval success. There is 
also evidence suggesting that PFC regions are involved in monitoring 
and processes evaluating output from memory, such as post-retrieval 
processes.
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Retrieval mode

Retrieval mode has been conceptually defined as a cognitive state in 
which a person attempts to remember a specific event using 
appropriate retrieval cues (Tulving, 1983). This cognitive state is 
maintained throughout a memory task, and guides other memory- 
related processes, such as retrieval success. Retrieval mode is therefore 
an essential condition for remembering past episodes. Such cognitive 
states have been difficult to study using behavioural measures alone, 
but during the last decade it has been possible to study these cognitive 
states using neuroimaging techniques. The neural signature of retrieval 
mode should display increased activity during engagement o f any 
retrieval task independent of whether retrieval is successful or not. 
Based on several brain imaging studies (Cabeza, Kapur et al., 1997; 
Duzel et al., 1999; Kapur et al., 1993; Lepage, Ghaffar, Nyberg, & 
Tulving, 2000; Nyberg et al., 1995) it has been found that activation 
of right PFC, in the vicinity of BA 10, represents the neural correlate 
of retrieval mode. This activation has been observed regardless of the 
task at hand, whether the items were previous presented or not, and 
independent of the information used at study and test. For example, 
in a study by Nyberg and colleagues (1995) the amount of 
information retrieved during recognition was manipulated by varying 
instructions during encoding (deep vs. shallow encoding) It was 
observed that a right frontal region was activated independent o f the 
number o f recognized items. Similarly, Cabeza et al. (1997) 
investigated the neural correlates of retrieval in two different tasks, 
cued recall and recognition, and found approximately similar levels of 
activation in right PFC during both tasks, relative to a non-memory 
baseline condition.

Support for right PFC as a key region involved in retrieval mode 
comes from a recent multi-study analysis by Lepage and colleagues 
(2000). In this study frontal pole and frontal operculum were 
activated bilaterally. In addition, a region in right dorsal PFC was 
observed that were activated independently of retrieval success. In a 
recent fMRI study Donaldson et al., (2001) set out to test whether 
state-related processes (e.g. retrieval mode) and item-related processes 
(e.g. retrieval success) during episodic memory retrieval could be 
dissociated. The idea was that retrieval mode, which is ongoing 
throughout a memory task is a state-related process, while retrieval 
success is an item-related process, with activation being modulated by 
whether the item is successfully retrieved or not. Using a mixed
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blocked and event-related design it was found that state-related effects 
related to retrieval mode activated left inferior and middle PFC, 
frontal operculum bilaterally, and medial frontal gyrus. The finding of 
right frontal activation associated with state-dependent memory 
processes strongly supports the role of right PFC in retrieval mode. 
The Donaldson et al. study is also important because it clearly showed 
that state-related and item-related activity can co-occur within a given 
brain region. Thus, the results showing a combination of state- and 
item related activity in prefrontal cortex indicate that a view 
integrating retrieval mode and retrieval success is most valid.

In sum, the data shows that prefrontal areas, in particular the 
anterior part of PFC, are involved in a retrieval attempt. Furthermore, 
activation in the anterior PFC is not increased when a retrieval 
attempt becomes more effortful. Also, activation in anterior PFC is 
not modulated by material, and activation tends to be right-lateralised 
also for verbal material.

Monitoring processes during retrieval

In a number of neuroimaging studies it has been shown that left PFC 
is activated during retrieval when the episodic memory task is more 
complex or when specific retrieval-related processes are required. 
These tasks include selecting a target item from several competing 
items (Thompson-Schill, D ’Esposito, Aguirre, & Farah, 1997; 
Thompson-Schill, D ’Esposito, & Kan, 1999), monitoring processes 
(Henson, Shallice, & Dolan, 1999), and source discrimination 
(Nyberg, McIntosh, Cabeza et al., 1996; Rugg et al., 1999). In these 
studies specific demands are required during retrieval where the 
subjects need to confirm that the information retrieved is correct for 
the specific task at hand. As noted above, to successfully retrieve 
information from memory is not only depending on remembering the 
information per se, but also to assess if the information is relevant in a 
specific situation, or m onitor whether this information was presented 
in a specific context (for example, encoding list/spatial location/most 
recent).

Notably, the process of monitoring is not always parallel to 
whether we actually succeed in retrieving information from memory 
(retrieval success), and the degree of PFC activation at retrieval may be 
an effect o f higher demands on selecting items that are proper for the 
specific memory task. The process o f selection or monitoring, seem to 
be mediated by the PFC, but the results regarding this specific region
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as involved in this process are inconclusive. In one study, specific 
regions associated with monitoring were examined by presenting 
words in either one of two different positions on the computer screen, 
and in either one of two temporally different encoding lists (Henson, 
Shallice et al., 1999). W hen subjects had to respond only to words 
that appeared in a specific temporal or spatial context compared to the 
condition were subjects had to respond by recognizing the item 
regardless of its spatial and temporal context bilateral dorsolateral 
PFC, and superior parietal activation was observed. In another study 
where subjects discriminated whether a word appeared to the left or 
right o f fixation during encoding (Rugg et al., 1999), left anterior 
PFC, left inferior PFC, and bilateral opercular activations were found. 
Studies using similar experimental paradigms have found activation in 
both right ventrolateral PFC (Nyberg, McIntosh, Cabeza et al., 1996), 
and right dorsolateral PFC (Cabeza, Mangels et al., 1997).

Another related issue that has been hypothesised is that prefrontal 
activation during retrieval is dependent on cognitive effort during the 
retrieval phase. Thus, when remembering is more difficult, prefrontal 
regions are required to a greater extent. For example, in a study by 
Buckner and colleagues (Buckner, Koustaal et al., 1998) subjects 
studied words either by using a highly efficient encoding condition, or 
by minimal encoding, resulting in high and low levels of retrieval. It 
was found that activity in left posterior PFC was strongest when 
subjects tried to remember the words studied using minimal encoding, 
possibly reflecting the amount of effort that the retrieval task 
necessary.

A similar hypothesis regarding left-sided PFC activation is based 
on the findings that left PFC activation usually is found when a higher 
degree o f reflective processes are required during retrieval (Nolde, 
Johnson, & Raye, 1998), a pattern that is summarized in the 
hypothesis of “cortical asymmetry of reflective activity” (CARA). 
According to this hypothesis, right PFC are engaged primarily when 
episodic tests are relatively simple, e.g. yes/no recognition or 
comparison between two stimuli on some dimension. Conversely, 
more elaborate processes that are involved when episodic memory tests 
are more complex, e.g. when more thorough evaluation of activated 
information is needed, are mainly associated with left PFC activation. 
In general, these regions are located in a more posterior part of the 
PFC, extending into BA 44/6, and more ventrally in or near BA 
45/47. These regions, however, does not seem to be specifically
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involved in remembering, and activation in these regions have been 
observed in several cognitive tasks.

In sum, there is substantial evidence that monitoring and reflective 
processes during retrieval are related to activation in prefrontal 
regions. These regions are not, however, specifically involved in 
remembering, and may be recruited during other cognitive tasks. 
During a retrieval attempt these posterior PFC regions will be 
recruited, and if the retrieval attempt becomes more effortful, they will 
be recruited to a greater extent. Anterior PFC regions, on the other 
hand, is specifically involved in remembering, and thus, not always 
active during cognitive processing of verbal and non-verbal 
information. Anterior PFC activation, specifically right-lateralized, is 
associated with retrieval attempt, independendy of the attem pt is 
successful or not. This region does not seem to be modulated by 
material, and right anterior PFC activation has been observed form 
both verbal and non-verbal material. Retrieval success has been 
associated with both left and right PFC regions. Together these results 
suggest that prefrontal regions are involved in strategic aspects of 
memory retrieval, and that specific dissociated regions are making 
separate contributions.

The medial temporal lobes

The role of novelty in episodic encoding

People encounter a vast number o f experiences each day, and our 
memory system is constantly assessing whether this information will 
be stored in memory or not. One important aspect regarding this 
selection into long-term memory storage is whether the information is 
novel or not. In several studies the novelty of an item has been shown 
to increase the probability for that item to be remembered. In the 
early work of von Restorff (Hunt, 1995) it was demonstrated that if a 
novel (or salient) item was presented in a list o f similar items, the 
probability for that item to be remembered increases. In the same 
vein, Tulving and Kroll (1995) demonstrated that novel words i.e. 
words that had not been presented before the encoding session was 
better remembered then words that were prefamiliarized. Taken 
together, these and other reports show that novel information, in 
general, is better remembered than familiar information. One can also 
conclude that when items are repeated and gets more familiar, 
encoding processes are less needed. So, what are the neural correlates
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underlying this increased efficiency in encoding novel information? 
Using single-cell recording in non-human primates it has been shown 
that activation in neurons in specific parts of the brain fire vividly 
when a novel item is shown, and that this activity decreases as the item 
gets more familiar (Brown & Xiang, 1998; Horn, 1970). In a multi
study analysis of five PET-studies, Habib and Lepage (1999) 
identified several regions that were differentially more activated when 
novel information was presented than when familiar information was 
presented. These regions were mainly located in lateral and medial 
temporal regions, including the hippocampus.

Medial temporal regions have been associated with detecting novel 
items in other PET and fMRI studies as well (Stern et al., 1996; 
Tulving et al., 1996; Tulving, Markowitsch, Kapur, Habib, & Houle, 
1994). In the 1994 study of Tulving et al., subjects were presented a 
series of scenic pictures to memorize 24 hours before scanning. During 
scanning the following day, subjects were again presented a number of 
either new or previously studied pictures and asked to decide whether 
the list contained a minority o f new or old items. The findings from 
the contrast o f novel vs. familiar items revealed a “novelty-encoding 
network”, including the hippocampus and the parahippocampal gyrus, 
the medial dorsal thalamus, medial prefrontal cortex, medial 
orbitofrontal cortex and anterior cingulate. Perhaps the most notable 
and frequently reported activation has been in the 
hippocampal/parahippocampal region. For example, Dolan and 
Fletcher (1997) found enhanced hippocampal activation in a 
condition where a novel category-exemplar word pair (such as 
“dog...boxer”) was compared to a word pair in which either the 
category or the exemplar had been previously presented to the 
subjects. Similarly, Stern et al. (Stern et al., 1996) found greater 
hippocampal activation when subjects encoded new pictures compared 
to encoding of a single picture repeatedly.

Support for hippocampal involvement in novelty detection also 
comes from ERP recordings in patients with hippocampal lesions 
(Knight, 1996). Normally, about 300 ms after presentation of a novel 
item, a positive ERP signal can be detected from the subjects scalp. 
This signal may reflect processes associated with novelty processes in 
the brain. In patients with hippocampal lesions, this novelty related 
signal is not observed, indicating that hippocampal regions is involved 
in the process o f novelty detection.

It has also been suggested that the regions underlying novelty 
detection also influence whether an events will be subsequently
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remembered or not. This suggestion is supported by a recent event- 
related fMRI study (Kirchoff et al., 2000) where regions in the medial 
temporal regions that were sensitive to novelty also predicted 
subsequent memory. This correspondence between novelty and 
subsequent memory effects suggest that processes mediated by the 
medial temporal lobe influences the efficiency of encoding.

To sum up, several regions have been included in a network of 
regions related to detection of novel information. The most 
prominent region seems to be a hippocampal/parahippocampal 
region. Possibly, greater activation during encoding of novel 
information leads to more efficient encoding, and subsequently, better 
memory performance.

Relational memory processing

From lesion data it has been proposed that the medial temporal lobe 
system is critically involved in binding together different aspects of 
incoming information to a memory trace (Cohen & Eichenbaum,
1993). According to this view, the M TL system binds together 
different information from several processors to form relationships 
among objects and events. This binding process is thought to be 
automatic. Evidence for this account comes from an early study by 
Cohen and colleagues (1994), where subjects were presented faces, 
names, and icons, and were instructed to either study or recognize 
face-icon-name triplets from among re-pairings of the same stimuli. In 
another condition they were instructed to make gender 
discriminations. Increased M TL activation was found for learning and 
remembering the triplets compared to the gender discrimination task. 
In another study investigating relational memory processes (Henke, 
Buck, Weber, & Wieser, 1997) subjects were presented a series of 
pictures of a person and a house (either an interior and exterior view). 
Subjects were asked to judge whether the person was an inhabitant or 
a visitor to the house. The idea was to encourage the subjects to 
associated (or bind) the person to the house. In another condition 
subjects were asked to make gender decisions. Increased activation in 
right M TL regions was found when materials encoded by association 
were compared to when they were encoded separately, supporting the 
view that M TL regions are involved in memory binding. Taken 
together, there seem to be substantial evidence that M TL regions play 
a role in relational processing.
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To successfully retrieve information from memory

Regions in the medial temporal lobe have frequently been regarded as 
a key structure in relation to remembering facts and events (for 
reviews, see Eichenbaum, 2000; Squire et al., 1992). Several studies 
have found M TL activation during encoding (see sections on novelty 
and subsequent memory), but activation in this region during retrieval 
has also been frequently reported (for reviews, see Dolan et al., 1999; 
Schacter & Wagner, 1999).

For example, in a PET study by Nyberg and collègues (1996) 
episodic memory was investigated following either meaning-based or 
perceptual encoding of words. It was found that regional cerebral 
blood flow in a left hippocampal region was positively correlated with 
memory performance. Another example is a study by Eldridge and 
colleagues (2000), in which subjects were asked to categorize events as 
either episodic (remember responses) or familiar (know responses). 
The results showed that hippocampus were activated during retrieval 
of events categorized as episodic (remember), but not during 
familiarity categorization (know). These data support the role for 
hippocampus as selectively involved in retrieval of episodic 
information, that is, retrieval of item information together with 
information on when and where the item information was 
encountered. Converselsy, other regions within the MTL, such as the 
parahippocampal gyrus and entorhinal cortex, may be specifically 
involved when retrieval of memory is based on familiarity.

Other brain regions involved in sub-processes of 
encoding and retrieval

The lateral temporal lobes/fusiform gyrus

Several neuroimaging finding have found that fusiform gyrus, 
especially the posterior part, is activated during the processing of visual 
stimuli, such as scenes (Stern et al., 1996), faces (Haxby et al., 1996), 
objects (Martin, Wiggs, & Weisberg, 1997) and words (Bookheimer, 
Zeffiro, Blaxton, Gaillard, &  Theodore, 1995). In humans, damage to 
the fusiform gyrus (BA 37) produce visual impairments such as visual 
agnosia and prosopagnosia, emphasizing this region as critically 
involved in object recognition. This is in line with visual perception 
data and the well-known proposal of a ventral “stream” for object 
perception. Using the subsequent memory paradigm it has been
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shown that the fusiform gyrus is differentially involved in the 
encoding o f words and pictures that predict whether the words or 
picture will be remembered or not (Kirchoff et al., 2000). Also, the 
lateral temporal lobe (BA 21/22) has been associated with memory 
tasks, such as semantic processing of words (Vandenberghe, Price, 
Wise, Josephs, & Frackowiak, 1996) and objects (Martin, Wiggs, 
Ungerleider, & Haxby, 1996). Patients with damage to this region 
have impairments in semantic processing, a deficit known as semantic 
dementia (Snowden, Goulding, & Neary, 1989; Warrington, 1975). 
Several neuroimaging studies have found this region activated during 
encoding of words and it has been observed to predict subsequent 
memory for words (Wagner et al. 1998).

There are also consistent findings regarding reductions in the 
lateral temporal lobe associated with familiarity. For example, single
cell recordings in non-human primates have shown that neurons in 
the infero-temporal (IT) cortex are highly responsive to novel stimuli, 
and that activation in these neurons are reduces as a stimulus gets 
more familiar (e.g. Miller, Li, & Desimone, 1993). Likewise, using 
PET, reduced activation in IT-cortex has been found when novel and 
familiar items were contrasted in a working memory task 
(Vanderberghe, Dupont, Bormans, Mortelmans, & Orban, 1995). 
These studies suggests that IT-cortex is involved in visual recognition 
memory. There is also some evidence for temporal-lobe involvement 
in recognition memory from neuroimaging studies of episodic 
memory. For example, less activation in the lateral temporal lobes has 
been found in studies comparing responses related to new and old 
items (e.g. Habib & Lepage, 1999; Lepage et al., 2000).

Brain responses related to the parietal lobe

Activation in medial parietal regions during recovery of information 
has been found in several neuroimaging studies, suggesting that this 
region is involved in retrieval success. First, a number of PET studies 
have found activation in this region during successful retrieval 
compared to retrieval attempt (for a review, see Cabeza & Nyberg, 
2000). For example, in an early PET study, Kapur and colleagues
(1995) found activation in medial parietal during retrieval success 
compared to the attempt of retrieving information regardless of 
success. In a recent fMRI study, Konishi and colleagues (2000) used 
an event-related design to investigate the neural signature of retrieval 
success. Here, subjects intentionally encoded words, which were
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subsequently used during retrieval where subjects were asked to judge 
whether the word had been previously presented or not. They found 
that hits activated a region in left lateral parietal cortex (BA 39/40) to 
a grater extent than correct rejections. Second, lesions restricted to the 
retrosplenium, a region within the medial parietal lobe, is also 
associated with severe memory impairments, a condition known as 
retrosplenial amnesia (Valenstein et al., 1987). Third, using event- 
related potentials (ERP) a rapid positive waveform (^400 ms after 
onset) has been found over left parietal regions during recognition of 
old items compared to new items (Gonsalves & Palier, 2000; Rugg & 
Allan, 2000).

This region has also been ascribed to imagery, a proposal that has 
tested by contrasting conditions requiring retrieval of abstract and 
concrete words (Fletcher, Frith, Baker et al., 1995). The precuneus 
was found to be more activate during recall o f concrete words, and 
that this activation correlated positively with subjective ratings of the 
use of imagery. This view, however, has been questioned lately since 
several studies have failed to replicate these findings. In a study by 
Krause et al. (1999) activation in the precuneus was found for both 
imaginable/abstract words presented both auditory and visually. 
Taken together, these results support a view of medial and lateral 
parietal regions as involved in retrieval success for different kinds of 
material such as pictures, and words. Data supporting this region as 
involved in imagery, however, remains inconclusive.

Hemispheric asymmetry in episodic memory

As noted above, in the mid-90s several research groups reported 
findings of asymmetric activations within the frontal lobes during 
encoding and retrieval of information (e.g. Fletcher, Frith, Grasby et 
al., 1995; Shallice et al., 1994). It was found that left frontal regions 
were differentially more involved during encoding o f episodic 
information than right frontal regions. Likewise, right frontal regions 
responded more strongly than left frontal regions during retrieval of 
event information. These finding together with a review of the 
literature (Tulving, Kapur, Craik, Moscovitch, & Houle, 1994) led to 
the proposal of a model for hemispheric encoding-retrieval asymmetry 
(HERA, Fig. 2).
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Figure 2. Differential activation of left and right prefrontal cortex during 
encoding and retrieval. Published coordinates are plotted on left and right 
brain outlines. From Nyberg & Cabeza (2000), Oxford Handbook of 
Memory.

In the initial paper by Tulving et al. (1994) a number of PET 
studies were reviewed in which episodic encoding processes had been 
explicitly tested. In addition, studies involving semantic processing 
tasks were included. The rationale for including studies on semantic 
processes was that it has been argued that retrieval from semantic 
memory may also comprise an input into episodic memory (Craik & 
Lockhart, 1972; Tulving, 1972). In line with this idea, a cognitive task 
that require the subject to retrieve semantic memory during PET or 
fMRI scanning (e.g. classification o f words into categories such as 
living/nonliving), will also be followed by an automatic entry of 
information into episodic memory and may be regarded as a task 
involving incidental episodic memory encoding. In the Tulving et al. 
(1994) review, there was a clear left PFC dominance for both 
incidental and intentional episodic encoding of verbal material.

In a second review (Nyberg, Cabeza, & Tulving, 1996), several 
additional studies were included, and it was found that left PFC 
activations could be extended to a more general pattern independent 
on whether verbal or non-verbal material during encoding. However, 
this general material-independent involvement of left PFC regions 
during episodic encoding has been questioned on basis of several 
studies in which either right or bilateral frontal regions have been 
differentially activated (Brewer et al., 1998; Kelley et al., 1998; Nolde 
et al., 1998). It has been proposed that left PFC during encoding may 
be material-dependent, proposing a role for left PFC during enoding 
or verbal (or verbalizable) information, and right PFC activation
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during encoding o f non-verbal information. This proposal was 
investigated in a study by Kelley and colleagues (1998). Here, subjects 
were instructed to encode words, nameable line-drawings, and 
unfamiliar faces. Using fMRI, material-dependent activation was 
found in left PFC during word encoding, bilateral PFC during 
encoding of nameable line drawings, and right PFC activations during 
encoding of familiar faces.

The observation of left frontal activation during encoding may be 
related to different operations involved in encoding o f episodic 
information. Assuming, as the data clearly suggests, that encoding of 
information engages PFC regions, one im portant object is to 
understand the components underlying this activation. It is evident 
from behavioural studies that episodic encoding is relying on several 
processes, such as semantic memory, organizational processes, and 
novelty o f the information. In a pivotal study, Petersen et al. (1988) 
used PET to study brain activity while subjects were presented nouns 
(e.g. “cake”) and required to generate semantically appropriate verbs 
(e.g. “eat”). The reference task was to read a noun. Generation 
compared to reading produced activation in left inferior frontal cortex, 
the cingulate gyrus, and the right cerebellum. Likewise, Gabrieli et al. 
(1998) found widespread left PFC activation when subjects made 
semantic compared to phonological judgements. This type of semantic 
processing is in general associated with better subsequent memory and 
Tulving et al. (1994), related this left PFC activation to successful 
episodic encoding. Evidently, encoding is not independent of a 
subjects’ knowledge or semantic memory -  to acquire information 
within the context o f an encoding experiment requires subjects to use 
semantic information.

Another observation that may be related to PFC activation during 
encoding is the fact that subsequent recall is better when subjects are 
required to organize the study material (Segal & Mandler, 1967). 
Prefrontal function as involved in organization is also supported by 
neuropsychological results indicating an im portant role for PFC 
regions in the organization of material (e.g. Incisa della Rocchetta & 
Milner, 1993). Also, neuroimaging studies support this view. In a 
PET study, Fletcher and colleagues (1998) manipulated the degree of 
organization in lists o f words. Subjects were presented words and were 
asked to memorize the words from lists with high o f low level of 
organization. The list in which words were highly organized produced 
least degree of left dorsolateral PFC activity, and the list in which 
words were least organized produced substantially higher activity in
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this region. It was further noted that distraction during high 
organizational demands resulted in a reduction of activation in this 
region. These findings support a role for left PFC in processes related 
to organization of information during encoding.

The degree of activation in inferior PFC regions has repeatedly 
been found to depend on relative novelty of the experience in such a 
way that brain responses are greater for stimuli that are viewed for the 
first time relative to when they have been seen repeatedly (e.g. Demb 
et al., 1995; KirchofFet al., 2000; Raichle et al., 1994). In one study, 
(Kirchoff et al., 2000) material- and novelty dependent activation in 
PFC regions was investigated. Here, subjects were instructed to make 
indoor/outdoor judgements on novel or repeated pictures and words. 
It was found that regions in bilateral PFC and bilateral fusiform gyrus 
were activated for novel pictures and words compared to repeated 
pictures and words. In this study it was also found that novelty 
responses in PFC regions were related to subjects later performance 
during memory retrieval, that is, regions related to novelty detection 
were more activated when a stimulus were later remembered than later 
forgotten. Taken together, left PFC regions appear to have important 
functions during encoding, including organization and semantic 
retrieval. These processes may be subserved by dissociable PFC 
regions. To date, however, more empirical evidence is needed to fully 
understand the complex matter of functional specialization within the 
left PFC during encoding.

As discussed above, right PFC is differentially more activated 
during retrieval than left PFC. This asymmetry was originally 
observed in studies using verbal material (Tulving, Kapur, Craik et al., 
1994), but it has been suggested to account for findings using non
verbal material as well (Nyberg, Cabeza et al., 1996). In addition to 
the lateralization issue, it is important to understand the processes 
underlying right PFC activation. Recendy, attempts have been made 
to investigate the involvement of specific processes that may account 
for right-lateralized activity during retrieval. This issue was examined 
in a multi-study analysis that included data from four PET studies 
(Lepage et al., 2000). In this study five PFC activations were found to 
be associated with retrieval mode: bilateral frontal pole, bilateral 
frontal operculum, and right dorsal PFC. W ith regard to HERA two 
regions associated with retrieval mode were located in the left PFC, 
but these activations were weaker and smaller that homotopic regions 
in right PFC. Together with the dorsolateral activation seen only in
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left: PFC this suggests that the asymmetry described in the HERA- 
model could be primarily related to retrieval mode.

Similarities between encoding and retrieval -  material 
specific overlap

It has been proposed that specific regions involved in processing of 
perceptual information, also are involved in memory storage of that 
information (e.g. Damasio, 1989; Farah, 1985; Kosslyn, Thompson, 
Kim, & Alpert, 1995). During recent years support for this proposal 
has also been found using neuroimaging techniques. In contrast to 
many neuroimaging studies that usually aim at investigate differences 
between encoding and retrieval, these studies have attempted to 
examine the neural correlates associated with overlap between these 
two processes (Nyberg, Habib, McIntosh, & Tulving, 2000; M. E. 
Wheeler, Petersen, & Buckner, 2000). It should be noted that several 
studies that are discussed in this section have used conjunction or 
“masked” analyses to reveal activations that are common to encoding 
and retrieval operations. These analyses were described in the methods 
section. It should also be mentioned that in analyses of encoding- 
retrieval overlap, brain regions that are differentially involved in 
encoding or retrieval would not show up as activations. The regions 
activated in analyses only constitute a sub-set of regions activated in 
encoding and retrieval processes. To investigate brain activation 
associated with encoding and retrieval separately other methods for 
analysis are used (also discussed in the methods section).

There are a few issues that must be taken into consideration when 
one attempts to investigate encoding — retrieval overlap (Nyberg, 
2002). First, it is im portant to dissociate between processes involved 
in memory and sensory-specific processes. If  activation during an 
encoding condition involves sensory-specific activation (e.g. a 
comparison o f encoding of visually presented pictures to a rest 
baseline), and this condition is used in a conjunction or masked 
analysis with a retrieval condition involving similar sensory-specific 
activation (e.g. a comparison of recognition of visually presented 
pictures to a rest baseline) this would most probably reveal 
overlapping activation in visual brain areas. It would be impossible, 
however, to determine to what extent the overlap is caused by 
reactivation o f encoding regions during retrieval or activation due to 
differential stimulation of visual regions at both encoding and 
retrieval. Second, one must take into account activations related to
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selective attention. It has been shown that selective attention to a 
specific type of stimuli (e.g. a face or a colour) w ithout the actual 
stimuli being present is associated with increased brain responses in 
many of the same regions as if the stimuli actually were presented (e.g. 
Clark et al., 1997). Consequently, if a subject at retrieval is instructed 
to decide whether a visual item was presented together with an 
auditory item at encoding or not, the process o f trying to retrieve 
visual information can lead to increased activity in visual brain 
regions, even if the subject fail to remember the item. Third, several 
studies have shown that encoding processes may operate during 
retrieval tasks (e.g. Andreasen, Oleary, Arndt et al., 1995; Buckner, 
Wheeler, & Sheridan, 2001), and thereby lead to overlap in 
activation. Likewise, novelty related activation related to encoding 
have been found in retrieval tasks (e.g. Tulving, Markowitsch et al.,
1994). W ith these considerations taken into account, however, several 
studies have attempted to investigate activation that appears to be 
associated with overlap between encoding and retrieval processes. 
Encoding — retrieval overlap is closely related to the idea of 
reactivation of encoding related (sensory-specific) regions at retrieval, 
and therefore the terms reactivation, overlap, and encoding -  retrieval 
similarities may be used interchangeably.

Support for reactivation of visual brain regions during retrieval was 
found in an event-related fMRI study (Wheeler et al., 2000) where 
subjects were instructed to study pictures and sounds over several days. 
During subsequent retrieval, subjects saw words and had to respond 
by vividly try to recall whether the word had been presented as a 
sound or picture at study. Several regions that were activated during 
initial presentation of the pictures were also activated during retrieval 
of pictorial information, including left fusiform gyrus and the 
precuneus.

Support for the reactivation hypothesis also comes from the 
domain of spatial information. Several studies have shown that regions 
in inferior parietal regions are reactivated during retrieval of spatial 
location o f visual objects (Köhler, Moscovitch, W incour, Houle, & 
McIntosh, 1998; Moscovitch et al., 1995). In one study, Moscovitch 
and colleagues found activation in right inferior parietal cortex during 
recognition of object location compared to object identity 
(Moscovitch et al., 1995), and concluded that these regions in the 
dorsal visual pathway are specifically associated with memory for 
spatial location. In a later study (Köhler et al., 1998) right inferior
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activation was found in both a spatial matching task and during a 
spatial retrieval task.

Similar results have also been found in encoding and retrieval of 
motor information (Nyberg et al., 2001). In this study subjects 
encoded simple commands (e.g., pinch your wrist) either through a 
verbal strategy (maintenance rehearsal), or by performing the 
commands as actions. During retrieval, subjects were presented the 
verbs and instructed to recall the noun from each command. A 
masked analysis revealed increased activity in left premotor and 
parietal cortex for both encoding and retrieval of enacted commands 
compared to encoding and retrieval by means of maintenance 
rehearsal.

Finally, encoding -  retrieval overlap has been found in studies of 
auditory information (Nyberg et al., 2000; M. E. Wheeler et al.,
2000),. In one study (Nyberg et al., 2000), subjects were instructed to 
memorize either (a) words, or (b) words that were paired with a 
specific sound. During retrieval, subjects responded by indicating 
whether they remembered the word as presented alone, remembered 
the word and that it had been presented with a sound at study, or did 
not remember the word. Encoding of words paired with sounds was 
later contrasted with words that were encoded alone, and used as a 
mask for the retrieval contrast. In the masked analysis activation in 
secondary auditory cortex in the temporal lobes were found. The 
observations of recruitment of specific brain regions during encoding 
in conjunction with retrieval of event information suggest that these 
regions are involved in memory representation. This indicates that 
specific areas in the brain may be involved in the representation of 
sensory information as has been suggested by e.g. Squire et al. (1993).

Taken together, these data have shown that encoding and retrieval 
can engage similar areas in the brain, and that the localization of these 
regions are dependent on the specific task at hand (e.g. the use of 
motor, spatial, visual, or auditory information). Also, encoding — 
retrieval overlap is usually observed in secondary rather than primary 
sensory and motor areas.
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Research objectives

A general objective of this thesis was to study changes in brain activity 
related to encoding and retrieval o f episodic memory in normal 
healthy humans. O f main interest were differences and similarities 
between encoding and retrieval processes. More specifically, one aim 
was related to the similarities between encoding and retrieval 
conditions (encoding -  retrieval overlap). As noted above, it has been 
suggested that retrieval o f event information is only successful when a 
substantial overlap between encoding and retrieval processes exist, and 
that retrieval is an attem pt to recapitulate processes present during 
initial encoding. This was tested by assessing brain activity during 
retrieval o f sentences encoded by verbal rehearsal and enactment 
(study I). It was predicted that retrieval of sentences encoded by 
enactment would differentially engage motor areas in the brain 
compared to sentences encoded by verbal rehearsal. Also, encoding -  
retrieval overlap was tested by means of analyses directed at assessing 
changes in brain responses involved in encoding and  retrieval of item, 
spatial, and temporal information (study II).

A second aim was to study differences between encoding and 
retrieval processes. It has been found that encoding and retrieval are 
associated with asymmetric activation in the frontal lobe -  left 
prefrontal cortex are differentially more activated during episodic 
encoding and right prefrontal cortex is more activated during retrieval 
of episodes.

A third aim was to study changes in activation related to level of 
recovery o f episodic information. It has been found that specific areas 
in the brain are associated with retrieval of episodic information 
regardless of whether retrieval is successful or not. This is usually 
referred to as activations related to the attempt to retrieve information, 
or retrieval mode. O ther regions are activated only during high levels 
of retrieval success, or alternatively, correlates with the amount of 
retrieved information. These effects were investigated by varying the 
amount of retrievable information (target density) and monitor levels 
o f activation as a function of this manipulation. This experimental 
paradigm was used in study III and IV.
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Summaries of studies l-IV

Study 1: Activity in motor areas while remembering 
action events

The aim o f this study was to investigate the neural correlates of 
episodic memory following enactment during encoding. It has been 
shown in a number of cognitive studies that episodic memory for 
simple commands, such as roll the ball, are better following enacted 
than verbal encoding. This effect has been observed in many different 
populations, including elderly (Bäckman & Nilsson, 1984), and 
demented (Karlsson et al., 1989). It has been suggested that performed 
commands are better remembered because they involve a motoric 
component that aid memory during retrieval. Therefore, we predicted 
that retrieval of episodic information that was encoded using 
enactment would involve retrieval-related motor areas in the brain. 
Positron-emission tomography was used to measure rCBF following 
encoding by means of real enactment, imagined enactment, and verbal 
encoding (maintenance rehearsal). In the real enactment condition, six 
subjects (healthy, young adults) overtly performed the commands with 
their right hand while lying in the scanner. In the imagery condition, 
subjects covertly performed the activity described by each command. 
In the verbal condition, subjects were instructed to silently rehearse 
the commands. PET was used to monitor whole brain activity during 
the retrieval phase in which the subjects were given a cued-recall test 
(the verbs served as cues for remembering the nouns). One-hundred- 
ninety-two commands with unique verb — noun combinations were 
used.

The behavioural results showed that the number o f correctly 
recalled nouns was significantly higher for the enactment condition 
than for the verbal condition. Memory performance in the imagery 
condition was intermediary, and not statistically different from the 
other two conditions. The PET data revealed increased activity in 
right motor cortex when the enactment and verbal conditions were 
contrasted (Fig. 3).

39



- /  t
- /  r *

Y  : 4 .r

^  * J‘ v_x

i V i

Figure 3. Saggital (upper left), coronal, (upper right), and horizontal (lower 
left) brain outlines showing results from the enactment -  verbal contrast 
(maxima in right motor cortex).

In addition, increased activity in this region was observed when 
the enactment condition was contrasted with the imagery condition, 
and when the imagery condition was contrasted with the verbal 
condition. No other activation was significant. This clearly 
demonstrates that retrieval of verbal information, following overt and 
covert motor activity at encoding, involves motor areas in the brain. 
Activity in this region was weakest in the verbal condition, 
intermediary in the imagery condition, and strongest in the enactment 
condition. This suggests that motor activity can be associated with 
verbal episodic cued recall, and point to a role for motor information 
as a part o f retrieving specific episodic memories when motor activity 
was part o f the encoding phase. This may also indicate reactivation at 
retrieval o f motor information acquired during initial processing and 
encoding as discussed in the section of encoding — retrieval overlap.

Study 2: Conjunction analysis of cortical activation 
common to encoding and retrieval.

In this study we addressed the issue of whether encoding and retrieval 
of different kind of materials (item, spatial, and temporal information) 
activate specific overlapping regions. Based on predictions derived 
from other neuroimaging and lesion studies, activation overlap 
between encoding and retrieval of spatial information was expected to
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be located in parietal cortex. No anatomical predictions were made for 
item and temporal event information. In the encoding conditions, 
single words were presented either on the left or right side of a 
computer screen in two different study lists. Subjects were instructed 
to memorize either the words (item information), the location of the 
words (spatial information), or if the words were presented in the first 
or second study list (temporal information). During retrieval, words 
were presented at the center of a computer screen and subjects were 
asked to try to determine if the words had been presented in the study 
list (item retrieval), if they had been presented on the left or right side 
of the computer screen (spatial retrieval), or if the words appeared in 
the first or second study list (temporal retrieval).

Figure 4. Statistical parametric maps (SPM) of brain regions that show 
increased activation in the conjunction analyses for encoding and retrieval 
of spatial (top left), item (top right), and temporal (bottom left) 
information. The peaks are plotted onto glass-brain projections of the 
brain in standardized space (Talairach and Torneaux, 1988), viewed from 
the right (sagittal), from the back (coronal), and from the top (transverse).

PET was used to monitor regional cerebral blood flow in 12 
young, healthy subjects during these six scans. A conjunction analysis
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was used to reveal common areas of activation in encoding and 
retrieval of spatial, item, and temporal event information. Using this 
analysis we found that encoding and retrieval of spatial information 
compared to encoding and retrieval of item and temporal information 
activated areas in bilateral inferior parietal areas (Fig. 4 -  top left). 
Increased activity in right inferior temporal cortex was found when 
item encoding and retrieval was compared to encoding and retrieval of 
temporal and spatial information (Fig 4 -  top right). Finally, temporal 
encoding and retrieval were associated with increased activity in left 
inferior temporal and left inferior frontal cortex compared to encoding 
and retrieval of item and spatial information (Fig 4 — bottom left).

The bilateral inferior parietal activation found in encoding and 
retrieval of spatial information is well in line with previous 
neuroimaging findings and provides further evidence for this region as 
specifically involved in spatial processing. In particular, right parietal 
regions seem to be critically involved in spatial processing which is also 
in good agreement with lesion studies that have found right-sided 
parietal lesions in patients with syndromes like spatial neglect and 
topographic disorientation (for a review, see Aguirre &C D'Esposito,
1999).

During encoding as well as retrieval of temporal information, left 
inferior temporal and left inferior frontal cortex were differentially 
activated. The activation seen in frontal cortex is especially interesting 
to note in light o f results from patient studies. In a series of studies, 
Milner and colleagues have shown that patients with frontal-lobe 
lesions are impaired in tasks involving memory for temporal order. 
Also, in several neuroimaging studies frontal activation has been 
observed during memory for temporal event information (Cabeza, 
Mangels et al., 1997; Nyberg, McIntosh, Cabeza et al., 1996). 
Encoding and retrieval of item information was associated with 
increased activation in right temporal pole. This activation is in 
accordance with other neuroimaging data that have found anterior 
temporal activation during processing of item information (Cabeza, 
Mangels et al., 1997; Nyberg, McIntosh, Cabeza et al., 1996). Taken 
together, the present study provided support for the idea that when 
specific event information is retrieved from memory, regions involved 
in initial processing and acquisition of this event information are 
engaged. These data support the possibility that retrieval activation 
reflects recruitment of specific regions in the brain involved in 
representation of different kinds o f event information.
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Study 3: Large scale neurocognitive networks underlying 
episodic memory.

It has been proposed that networks o f brain regions underlie different 
cognitive processes, including episodic memory, and that frontal 
regions interact with more posterior regions during encoding and 
retrieval of episodic information (e.g. Miller & Cohen, 2001; 
Moscovitch, 1992). In this study, PET was used to study brain 
activation associated with encoding, and subsequent retrieval of 
sentences and pictures. In addition, functional connectivity between 
specific regions of the brain was examined. For each type of material, 
three recognition conditions were included which varied in target 
density (0%, 50%, 100%). This makes it possible to monitor changes 
in activation and connectivity related to changes in recovery of 
episodic information. The encoding condition included 45 items, and 
subjects were asked to try to memorize as many of the items as 
possible for a subsequent memory test. During retrieval, subjects were 
asked to respond (yes/no) if the item was in the study list or not. The 
verbal material consisted of sentences, and the non-verbal material 
consisted of scenic pictures. A partial-least-squares (PLS) analysis was 
used to identify task-related activation changes. We specifically aimed 
at investigating changes in brain responses associated with type of 
cognitive process (encoding vs. retrieval) and level of recovery (low- 
medium-high). In addition, we used PLS to examine changes in 
functional connectivity related of level of recovery. Using PLS, it is 
possible to investigate functional connectivity, by means of 
correlation, between specific brain regions identified by initial task 
PLS analyses, and activity in the rest o f the brain as a function of level 
of recovery.

The first pattern o f activation was related to processing of pictures 
vs. sentences independent of type of cognitive process (encoding or 
retrieval). Processing of sentences was related to increased activity in 
left temporal and frontal regions (Fig. 5). Processing of pictures was 
associated with increased activity in posterior visual and right medial 
temporal regions (Fig. 5). The second pattern dissociated between 
type of cognitive process (encoding vs. retrieval) across materials and 
level of recovery (Fig. 6). No activation changes related to level of 
recovery were found using PLS. However, using univariate statistical 
analyses, activation related to recovery of information was found in 
several regions, including bilateral frontal, medial occipito-temporal, 
and insular regions. PLS was used to investigate systematic changes in
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functional connectivity to test for neural network changes in relation 
to level o f recovery.

Figure 5. Horizontal brain slices from the PLS analysis for the pattern that 
distinguished between sentence and picture processing. Yellow - 
processing of sentences was associated with activity in left temporal and 
frontal regions. Blue - processing of pictures was associated with activity 
in posterior visual and right medial temporal regions.

Figure 6. Horizontal brain slices from the PLS analysis for the pattern that 
distinguished between encoding and retrieval. Encoding was associated 
with activation in a left frontal region (a). Retrieval was associated with 
activation in a right frontal region (b).
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We found that a region in left occipital cortex related to picture 
processing was positively correlated with regions in bilateral frontal 
and left precuneus, and negatively correlated with regions in bilateral 
MTL, bilateral occipital and left temporal regions as a function of 
recovery. A similar effect was seen for sentences with a left-frontal 
region positively correlated with bilateral cuneus, bilateral temporal 
and right frontal cortex, and negatively correlated with left MTL. 
These findings are in line with earlier data that cognitive operations 
can operate within the same material-specific networks. Also, in line 
with the HERA-model, encoding activated left prefrontal regions, and 
retrieval activated right prefrontal regions across level of target density. 
In addition, level of recovery was related to changes in functional 
connectivity between specific brain regions.

Study 4: Decreased activity in inferotemporal cortex 
during explicit memory: Dissociating priming, novelty 
detection, and recognition.

This study aimed at investigating brain responses in infero-temporal 
(IT) regions associated with episodic recognition memory. In studies 
of non-human primates it has been shown that activity in this specific 
region decrease over repeated exposure to similar stimuli (Miller et al., 
1993). This decrease has been related to memory for visual 
information. Reduced activation in IT-cortex has also been found in 
an earlier PET-study during a working memory task (Vanderberghe et 
al., 1995), which suggests that these results may apply to humans as 
well. In this study, brain activity was measured while subjects encoded 
and subsequendy recognized scenic pictures. Two recognition 
conditions were compared; one that mainly included familiar pictures 
and one that mainly included novel pictures. Relative decreased brain 
activity was observed in IT-cortex, extrastriate cortex, and the 
hippocampal formation during recognition of familiar versus novel 
pictures. These responses may reflect recognition memory, perceptual 
priming, or novelty detection. To dissociate these responses, subjects 
encoded a new set of pictures followed by two recognition tests. All 
test pictures had been presented during the course of the experiment 
and the task o f the subjects was to identify pictures that had appeared 
in the second encoding list. Since all pictures were familiar, this 
decrease could not be related to perceptual priming or novelty 
detection. It was found that activity in a region o f IT-cortex decreased
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when items were recognized as familiar from the second encoding list. 
The location of this region overlapped with that for the region 
identified in the first contrast, and a conjunction analysis showed that 
reduced activity in left IT-cortex was common to both contrasts (Fig.
7).

Figure 7. Decreased activity in IT-cortex related to recognition memory 
(from the conjunction analysis). The response is rendered on a brain 
volume that has been transformed into standardized space. Left -  ventral 
view, right -  lateral view.

Increased activation in the M TL may be related to novelty 
detection, a result that has been observed in several earlier studies (e.g. 
Tulving et al., 1996). Also, decreased activity was found in the 
occipital lobe. Similar decreases have been found in many previous 
studies of implicit memory, and may be associated with visual 
perceptual priming. In the second contrast, decreased activation in IT- 
cortex was found. This result is noteworthy since all pictures in this 
contrast had been presented previously and subjects had to selectively 
respond to those pictures that they remembered from the second study 
list. Also, the specific site where decrease was found closely overlaps 
with the site where decreased activity was observed during a working 
memory task.

In addition to decreases, increased activation was investigated. By 
contrasting the two retrieval conditions in which familiar targets and 
familiar distracters were used with retrieval conditions in which novel 
pictures and familiar pictures were used, we investigated neural 
responses related to source memory/monitoring. This contrast 
revealed increased activation in left inferior PFC, which may reflect 
top-down processes. Also, the experimental design made it possible to
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test predictions derived from the HERA model. This was tested by 
contrasting encoding and retrieval conditions. In the first contrast 
(encoding vs. retrieval) we found activation in left middle frontal 
gyrus (BA 46/9; Fig 8 - left), and in the second contrast (retrieval vs. 
encoding) activation in right middle frontal gyrus (BA 10; Fig. 8 - 
right) was observed.

Figure 8. Statistical parametric maps (SPM) of brain regions that show 
increased activation in the contrasts of encoding vs. retrieval (left) and 
retrieval vs. encoding (right). The peaks are plotted onto glass-brain 
projections of the brain in standrdized space (Talairach and Torneaux, 
1988), viewed from the right (sagittal), from the back (coronal), and from 
the top (transverse).

Taken together, the demonstration of decreased activity in IT- 
cortex extends previous neuroimaging findings to the domain of 
explicit/episodic memory. We propose that this effect in IT-cortex 
during episodic memory result from an interaction between stimulus 
repetition and higher-order cognitive processes, such as selecting target 
items among equally familiar distracter items. Asymmetrical frontal 
activation during encoding and retrieval is in line with predictions 
from the HERA model.

General discussion

The general aim of this thesis was to investigate neural correlates of 
episodic memory encoding and retrieval. By using the PET technique, 
we investigated (i) overlap between encoding and retrieval operations 
of enacted (motor) information (Study I), (ii) similarities between
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encoding o f spatial, item, and temporal information (Study II), (iii) 
différences between encoding and retrieval, and sub-processes of 
encoding and retrieval, e.g. retrieval mode (studies III and IV), (iv) 
brain activation related to successful retrieval o f pictures (studies III 
and IV) and words (study III). In the following section, implications 
of the empirical findings are discussed.

Brain activation related to commonalities between 
encoding and retrieval

As previously discussed, it has been argued that brain regions involved 
in strategic operations related to retrieval (e.g. retrieval mode) are 
separate from regions involved in the representation o f information 
(e.g. Damasio, 1989; Mesulam, 1990). These memory representations 
can be investigated by measuring the overlap between regions involved 
in initial encoding and subsequent retrieval o f an event. Support for 
the view of overlap between encoding and retrieval operations was 
found in studies I and II. In study I this was tested by examining brain 
activation related to retrieval of information that were either encoded 
using a verbal strategy or encoded using enactment. W e found that 
commands that were encoded by enactment activated motor regions 
in the brain during retrieval compared to commands that were 
encoded using a verbal strategy. Since no scanning were made during 
the encoding session, encoding — retrieval overlap could not be 
measured explicitly. In study II, encoding and retrieval similarities 
were tested direcdy using a conjunction analysis, which makes it 
possible to investigate brain regions that are activated during encoding 
and  retrieval. We found that different brain regions were involved in 
encoding and retrieval, and that regional specificity was related to 
different event information (item, spatial, and temporal).

First, the finding o f right premotor activation during retrieval of 
sentences encoded by means of enactment compared to retrieval of 
sentences encoded by means of maintenance rehearsal, suggests that 
motor information was part o f the episodic memory representation, 
when motor activity had been part o f the encoding phase. Retrieval of 
sentences encoded by imagery was associated with an intermediate 
response in premotor cortex. Similar results have been found in a 
fMRI study of executed and imagined hand movements (Lotze et al.,
1999). In the Lotze et al. (1999) study left precentral gyrus activity 
was weakest in the control condition, intermediate in the imagery 
condition, and strongest in the execution condition. In study I, the
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activation was found in the right premotor areas, which may seem 
puzzling in light of the fact that subjects performed the actions with 
the right hand. One reason for this may be that the retention interval 
between study and test allows for motor information to be spread to 
other brain regions involved in movement. These regions, at retrieval, 
may be as likely to be reactivated as brain regions involved in the 
initial encoding. Also, as previously discussed, it has been found 
(Nyberg et al., 2001) that left motor regions are involved in encoding 
enactment and  retrieval of enacted sentences when actions are 
performed with the right hand.

Second, overlap between encoding and retrieval of different kinds 
of event information (spatial, item, and temporal) was found in study 
II. Encoding and retrieval of spatial information was associated with 
increased activity in bilateral parietal regions. Several other 
neuroimaging studies have highlighted parietal regions as involved in 
spatial processing, especially in the right hemisphere (e.g. Köhler et al., 
1998; Moscovitch et al., 1995). Also, a great majority of studies 
investigating spatial neglect and topographic disorientation have 
found right-sided parietal lesions to be critical (for a review, see 
Aguirre & D'Esposito, 1999). In addition, encoding and retrieval of 
temporal information was associated with activation in left inferior 
temporal and left inferior frontal cortex. The finding of overlap in 
prefrontal areas for temporal information is particularly interesting in 
relation to results from lesion studies. In a number of studies, Milner 
and colleagues (e.g. McAndrews & Milner, 1991; Milner, 1971) have 
found that patients with lesions restricted to the frontal lobes are 
impaired in tasks involving memory for temporal-order of events. For 
example, patients were presented a series of items sequentially and 
asked to decide which of two test items appeared more recendy. It was 
found that frontal-lobe patients perform as well as control subjects in 
recognizing old test items, but performance on recency 
discriminations is severely impaired. It has therefore been 
hypothesized that the frontal lobes are involved in encoding and 
retrieval of “time-tags” imbedded in memory for episodic events 
(Milner, 1971). This is also in agreement with neuroimaging data. For 
example, Cabeza et al. (1997) observed bilateral dorsal frontal 
activation when subjects retrieved temporal-order information. Also, 
encoding and retrieval of item information was associated with 
enhanced activation in right temporal pole regions. Activation in 
anterior temporal regions have been found in a few other studies 
during retrieval of item information (Cabeza, Mangels et al., 1997;
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Nyberg, McIntosh, Cabeza et al., 1996), suggesting that this region 
plays a role in item-specific information. Similarly, patient studies 
have shown that lesions restricted to anterior temporal regions can 
cause an impairment to retrieve semantic information, a condition 
known as semantic dementia (e.g. Snowden et al., 1989; Warrington, 
1975).

Taken together, these data suggests that specific regions in the 
brain are involved during both encoding and subsequent retrieval of 
different kinds of event information (motor, temporal, spatial, and 
item information. Next, I will discuss the relation between encoding — 
retrieval overlap, and the idea of representation of material-specific 
information in the brain.

As previously discussed, the relation between encoding and 
retrieval processes has been pointed out in several cognitive theories of 
memory, such as transfer-appropriate processing. Likewise, 
neuroimaging studies have found that regions involved in initial 
encoding also are reactivated during retrieval of specific event 
information. For example, encoding and retrieving visual information 
is associated with increased activity in occipital and temporal regions 
(e.g. Kosslyn et al., 1995; Köhler et al., 1998; M. E. Wheeler et al.,
2000), whereas encoding and retrieval o f auditory information is 
associated with increased activity in superior and middle temporal 
regions (e.g. Nyberg et al., 2000; M. E. Wheeler et al., 2000; Zatorre, 
Halpern, Perry, E, &  Evans, 1996).

Evidence for sensory regions related to memory representation 
comes from the early patient studies of Penfield and Perot (1963). 
They found, by electrically stimulation of specific regions of the brain 
in awake human subjects during surgery, that stimulation of specific 
regions was followed by specific memories. Also, type of memory 
experience was dependent of which part o f the cortex that was 
stimulated. Stimulation of middle and superior temporal lobes elicited 
auditory memories, and stimulation o f posterior temporal and 
occipital lobes was followed by visual memories. Important 
information regarding brain regions involved in memory 
representation comes from studies on mental imagery. Typically, in 
these studies, subjects are asked to imagine a place or an object, for 
example, imagining that they are moving around in their house or 
apartment. From these studies, it has been shown that imagery is 
strongly related to memory for specific information, and that imagery 
and actual perception of information is in many ways similar (Farah, 
1985; Kosslyn, 1994). Also, in patient studies it has been shown that
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damage to regions in the brain involved in perception of objects, 
colours, and spatial properties, also impair performance o f imagining 
this information (Farah, 1989). In one study (Levine, Warach, & 
Farah, 1985) two patients with impaired visual perception and 
imagery caused by bilateral posterior cerebral lesions were 
investigated. One patient had prosopagnosia, an inability to 
recognize faces, but also an imagery disorder that involved 
problems with describing objects from memory, especially faces, 
animals, and colours. The second patient was impaired in visual 
orientation, and also had problems with imagery involved in the 
description of spatial relations from memory. This study showed 
that impairments o f visual imagery, like disorders o f visual 
perception, can be dissociated.

Finally, evidence for material-specific reactivation comes from 
single-cell recording that have shown that imagery recall in humans 
are associated with increased neuronal firing o f specific neurons in 
the brain (Kreiman, Kosh, & Fried, 2000). Kreiman et al. (2000) 
recorded activity in single neurons in the medial temporal lobe 
while subjects perceived and imagined visual objects. It was found 
that a subset of neurons responded to both visual perception and 
visual imagery, and another subset o f neurons that responded 
selectively for visual information. This is strong evidence for the 
view that some neurons (or brain regions) are activated during 
acquisition o f visual information and later during the memory 
retrieval process required for imagery.

In sum, evidence from functional imaging, psychophysics, 
patient studies, and single-cell recordings suggests that material- 
specific regions involved in initial perception and encoding of an 
event, also are involved in storage and subsequent retrieval o f that 
event.

Differential brain activation in encoding and retrieval

In study III, an activity pattern that distinguished encoding and 
retrieval processes were identified. Encoding, relative to retrieval, was 
strongly associated with increased activity in a left dorsolateral 
prefrontal region (BA 8), and retrieval was strongly associated with 
activity in right anterior prefrontal cortex (BA 10) relative to 
encoding. In study IV, left dorsolateral frontal activation (BA 9/46) 
was found when encoding of pictures was contrasted to retrieval of
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pictures. Also, right frontal activations (BA 10) were found when 
retrieval o f pictures was contrasted to encoding of pictures. The 
finding that a left dorsolateral prefrontal area was generally activated 
during encoding, and right anterior prefrontal areas were activated 
during retrieval is consistent with much previous research (for a 
review, see Cabeza & Nyberg, 2000), and provides support for the 
HERA-model (Nyberg, Cabeza et al., 1996; Tulving, Kapur, Craik et 
al., 1994).

A few studies have found results that are inconsistent with the 
HERA-model, and it has been claimed that left frontal activations 
during encoding may reflect material-specificity rather than encoding 
processes (e.g. Kelley et al., 1998). From the literature it is evident 
that left-sided activation during encoding is a more robust finding for 
verbal material. Non-verbal material, on the other hand, has produced 
mixed results, with some studies reporting bilateral activations and 
other studies reporting unilateral right-sided activations. The peak 
activations in studies III (BA 8), and IV fell outside the area of PFC 
most commonly associated with episodic encoding (BA 45 and 47), 
and suggests that the pattern of activity predicted by the HERA- 
model, despite its critics, may also apply to non-verbal material, as 
previously suggested (Nyberg, Cabeza et al., 1996). Here one might 
argue that pictures can be verbalized, and therefore evoke activation in 
left PFC regions. However, I believe that the pictures used in study III 
and IV, depicting animals, vegetation, clouds, and the like are not 
easily verbalized. Also if, as previous data has shown (e.g. Kelley et al.,
1998), the pictures could be verbalized then right-frontal activation 
would also have been expected. No right frontal activation, however, 
were found during encoding relative to retrieval.

The finding of right anterior prefrontal activation during retrieval 
is not surprising, since activation in this region have been found for 
several various tasks and types of material. Even so, there has been 
some controversy regarding the role of anterior PFC during retrieval. 
O ne position holds that right PFC activation during retrieval reflects 
post-retrieval processes (e.g. Buckner, Koustaal et al., 1998; Rugg et 
al., 1996), and is based on observations o f increased PFC activation in 
retrieval conditions where the number of successfully recognized items 
is high compared to conditions where the number of successfully 
recognized items are low. Another position holds that the right 
anterior PFC is associated with retrieval mode (Kapur et al., 1995; 
Nyberg et al., 1995), a position based on findings that the level of 
right anterior PFC activation did not vary as a function of retrieval
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success, relative to a common baseline. Strong support for retrieval 
mode as a key process associated with right PFC activation comes 
from a recent study by Lepage and colleagues (2000). As previously 
noted, they found that activation in right frontal areas associated with 
retrieval mode were stronger and larger then areas in left PFC. One 
important aspect is that the material used in the Lepage et al. study 
was verbal, and that retrieval mode regions observed in PFC regions 
may reflect retrieval mode for verbal material. Study III and IV 
together with other studies (e.g. Andreasen et al., 1996; Haxby et al., 
1996) suggests that retrieval mode has generality across diverse 
materials. O ur findings that activation in right PFC areas did not vary 
as a function of recovery, is in good agreement with the proposal by 
Lepage et al.

Taken together, these results and earlier findings supports the 
proposal o f an extended HERA-model as proposed by Nyberg and 
colleagues (1996) regarding retrieval of episodic memory.

Brain activity related to successful retrieval

Recovery o f episodic information was found to be associated with (i) 
increases in brain activation (study III), (ii) decreases in brain 
activation (study IV), and (iii) changes in connectivity between 
specific brain regions (study III). In study III, the PLS analysis of 
changes in activation related to level of recovery were weak. Using 
univariate analysis, however, increased activation as a function of 
recovery o f information was found in bilateral frontal, insular, and 
medial occipito-parietal regions (precuneus). Two of these regions, the 
prefrontal cortex and the precuneus, have been associated with level of 
recovery/retrieval success in previous studies (for a review, see Cabeza 
& Nyberg, 2000). I turn first to the prefrontal cortex, where two left 
frontal regions were related to recovery of information. The peaks 
were located in the middle frontal gyrus (BA 10) similar to an area 
identified by Rugg et al. (1996) to be sensitive to retrieval success. As 
previously discussed, strong support for this regions involvement in 
retrieval success comes from a multi-study analysis of PET data from 
five different studies (Habib & Lepage, 1999).

In addition, we found that a right inferior prefrontal region 
showed increased activity related to recovery of information. Right 
prefrontal activation associated with successful retrieval has been 
found in several other studies (e.g. McDermott, Jones, Petersen,
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Lageman, & Roediger, 2000; Nyberg, McIntosh, Houle et al., 1996; 
Rugg, Fletcher, Frith, Frackowiak, & Dolan, 1998; Rugg et al., 1996). 
Most previous studies have, however, reported activation in anterior 
PFC, not inferior PFC. Then again there are exceptions, for example, 
in one study Nyberg et al. (1996) found that brain activation in a 
right inferior prefrontal region was positively correlated with retrieval 
success. This suggests that both anterior and inferior parts of right 
PFC are involved in retrieval success. This also brings up the issue (as 
disucussed in the reviews section) of the functional role of right 
anterior PFC, which currendy is a matter of debate (e.g. Nolde et al., 
1998; Rugg et al., 1999; Rugg & Wilding, 2000). The question is 
whether these seemingly inconsistent observations of retrieval mode 
and retrieval success can be reconciled. It may be that right PFC is 
activated during an attempt to retrieve information (retrieval mode), 
and successful retrieval is followed by additional activation. This view 
is congruent with neuropsychological evidence, proposing a role for 
prefrontal regions in both maintenance of retrieval strategies, and in 
monitoring the products of retrieval (e.g. Moscovitch, 1992). 
Alternatively, the right anterior PFC may be anatomically fractioned 
according to differences in retrieval operations (such as retrieval 
success and retrieval mode) and that current techniques do not have 
the spatial resolution to dissociate them. Yet another possibility is that 
anterior PFC is involved in both retrieval success and retrieval mode, 
but that its functional role is determined by with which regions it 
interacts (McIntosh, 1999). Together, our findings implies that 
retrieval success and retrieval mode may be subserved by distinct 
anatomical regions within the PFC, with an anterior PCF region 
involved in retrieval mode, and an inferior region involved in retrieval 
success. In addition, memory processes such as monitoring, may be 
associated with yet other prefrontal regions.

In addition to observations of prefrontal activation, we also found 
that activation in a medial parietal region was associated with recovery 
o f information (study III). Several other researchers have also found 
this region as critically involved in recovery of information (e.g. Habib 
& Lepage, 1999; Kapur S et al., 1995; Konishi et al., 2000), and it has 
been suggested that the precuneus area is involved in storage of visual 
patterns (Roland & Gulyas, 1995). Also, Krause et al., (1999) 
proposed that reactivation o f memory engrams in posterior association 
cortices is required for successful retrieval. The observation of 
activation in this region during retrieval success has led researchers to 
propose this region as related to reactivation of stored engrams. As
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previously discussed, support for medial parietal involvement in 
retrieval success have also been found in lesions studies (Valenstein et 
al., 1987), in which damage in the nearby retrosplenial and posterior 
cingulate regions have been related to memory impairment. 
Additional support for the medial parietal region as a key structure 
involved in retrieval success comes from a recent event-related fMRI 
study by Konishi and colleagues (2000). In addition to medial parietal 
activations, they found that a lateral parietal activation was involved in 
retrieval success. This suggests that a network of regions, including 
anterior PFC, medial parietal, and lateral parietal regions are critical 
for successful memory performance.

In our study increased activation in medial parietal regions (left 
posterior cingulate, and the precuneus) associated with retrieval 
success was only seen for pictures, and not for sentences. This is a bit 
surprising since verbal material was used in both the Krause et al. and 
Kapur et al. study. One possible explanation for this result is that 
medial parietal activation is related to non-verbal memory processing, 
and that words easily evoke a mental picture. Sentences, on the other 
hand, may have a special status, and might not as easily evoke a mental 
representation. Even so, our observations from conditions using 
pictures as items provide additional support for the precuneus as a key 
region involved in recovery-related functions.

In addition to activation changes related to successful retrieval, it 
has been proposed that the interaction between different brain regions 
is a major determinant of cognitive processes (Mesulam, 1990). 
Hence, the role that a region plays in a specific process is given by the 
co-operation of a number of interconnected brain areas, as well as the 
activation in that area (McIntosh, Grady, Haxby, Ungerleider, & 
Horwitz, 1996). W e explored this relation by means of neural network 
interactions associated with level of recovery (study III). Doing so, we 
found that interactions among specific regions in the brain were 
related to the number of items correctly recognized. That is, if more 
pictures or words were recognized (low — medium — high) the 
correlation between specific brain regions changed in a coherent 
pattern. For pictures, a region in left occipital cortex showed a change 
in correlation that was consistent with the increase in old items across 
recognition scans. For words, a corresponding effect was found for a 
left frontal region. Both the frontal and the occipital region showed 
interactions with overlapping brain regions in anterior cingulate, 
thalamus, right prefrontal, hippocampal, and medial parietal areas as a 
function on successful retrieval. These regions could play a role in a

55



neurocognitive system that work together with material-specific areas 
in connecting different components of an event. Prefrontal and 
hippocampal areas have been found to interact during retrieval in 
other neuroimaging studies. For example, McIntosh and colleagues
(1997) found that a hippocampal, and a prefrontal region showed 
common correlations across three different conditions; retrieval of 
words that were either: (i) unstudied, (ii) encoded using a shallow task, 
and (iii) encoded using a deep task. These findings are compatible 
with the view that M TL regions interact with material-specific 
posterior areas during retrieval. Also, interaction between M TL and 
posterior material-specific regions were examined in a study, were 
subjects incidentally encoded, and subsequently retrieved information 
on objects and spatial locations (Köhler et al., 1998). They 
demonstrated, using structural equation modelling, that M TL regions 
showed task-specific interactions with domain-specific posterior 
regions involved in processing of spatial and objects information.

Finally, decreased activation in specific brain regions related to 
recovery of information was investigated in study IV. Decreases in 
infero-temporal cortex related to familiar stimuli have consistently 
been observed in single-cell recording in non-human primates (e.g. 
Desimone, Miller, Chelazzi, & Lueschow, 1995) and in a 
neuroimaging study o f working memory (Vanderberghe et al., 1995). 
Also, several neuroimaging studies investigating episodic memory have 
found decreases in IT-cortex, but it has been difficult to interpret 
these results as related to successful retrieval (e.g. Lepage et al., 2000). 
This interpretation difficulty stems from the fact that reductions in 
responses related to old -  new contrasts may not only reflect 
recognition memory, but also reflect responses related to repetition 
priming, and novelty detection. The experimental design in study IV 
made it possible to dissociate decreases in IT-cortex related to novelty 
and repetition priming from decreases associated with recognition 
memory.

In the first analysis, where previously non-presented pictures and 
previously presented pictures were contrasted, decreased responses in 
IT-cortex and occipital regions were found. These responses may be 
related to automatic repetition effects such as repetition priming, 
and/or recognition memory. Decreases in IT-cortex have been found 
in single-cell recordings o f stimulus repetition in non-human primates 
(Miller et al., 1993), and may be analogous to repetition priming 
effects in humans (e.g. Buckner, Goodman et al., 1998). Related 
suppression effects have also been found in an fMRI study using a
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working memory task (Jiang, Haxby, Martin, Ungerleider, & 
Parasuraman, 2000), and using an implicit long-term memory task 
(Henson, Shallice, Gorno-Tempini, & Dolan, 2002). These results, 
however, does not provide strong support that decreased responses in 
IT-cortex in associated with explicit (episodic) remembering.

In a second analysis, decreased activation in IT-cortex was 
observed in the contrast of familiar distracters and familiar targets. 
This result is notable since all pictures in this contrast had been 
previously presented and subjects selectively responded to those 
pictures that they remembered from a specific study list. 
Consequently, IT-cortex reductions could not be related to novelty 
detection or perceptual priming, and no changes in activity in MTL 
and occipital cortex were found in the second analyis. The fact that 
reduced activity in IT-cortex still were observed argues against an 
interpretation of this response in terms o f automatic processes 
associated with stimulus repetition. These results, instead, indicate 
that decreased activity in IT-cortex in not related to familiarity-based 
recognition, but also to higher-order recollective memory judgements. 
In line with this idea, IT-responses are modulated by top-down 
processes.

Regarding top-down control of IT-cortex, increased activation in 
prefrontal areas have been related to identification of behaviourally 
relevant target stimuli (Desimone et al., 1995). To test the idea of IT- 
PFC modulation, we compared PFC activation during the last two 
scans, when subjects indicated if items had been part of a second study 
list or not, with activity associated with the first two recognition scans, 
when familiarity-based recognition was sufficient. In this contrast we 
found increased activity in left inferior frontal cortex (BA 10). This is 
interesting in relation to single-cell data, where it has been found that 
PFC neurons are selective to behaviourally relevant tasks. For example, 
Asaad et al. (2000) trained monkeys to alternate between tasks using 
the same cues but three different rules: matching deleyed matching to 
sample), associative, and spatial (spatial delayed response). They found 
that PFC activation was influenced by the task being performed, 
which suggests that PFC is involved in implementation of task context 
and rules that guide behaviour. Similarly, in a previous neuroimaging 
study, left inferior PFC was associated with selecting a proper response 
according to specific task requirements (Thompson-Schill et al.,
1999). Increased activity in prefrontal areas have also been found in 
tasks were a high degree o f strategic processes are required (e.g. Nolde
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et al., 1998), and in a working memory task in which subjects made 
responses to specific target items.

Several studies have also explicitly investigated interactions 
between IT-cortex and PFC (Fuster, Bauer, & Jervey, 1985; Gaffan, 
Easton, & Parker, 2002; Tomita, Ohbayashi, Nakahara, Hasegawa, & 
Miyashita, 1999), which suggests that PFC is related to memory 
functions o f IT-cortex. For example, Fuster et al. (1985) found that 
cooling of PFC was followed by a decreased activation in IT-neurons, 
suggesting top-down control from PFC. Also, in a recent study, 
Gaffan et al. (2002) trained monkeys to learn an abstract rule, linking 
an object to either o f two available choices to receive a reward. It was 
proposed that this abstract rule, linking objects to strategies, was 
parallel to some aspects of frontal-lobe dependent processes seen in 
humans, including planning. After crossed unilateral removals of 
frontal and inferior temporal cortex, the impairment in using the 
previously learned strategy was severe, suggesting that PFC — IT 
interaction is necessary for successful implementation of strategies 
during learning.

Even though we did not perform a formal analysis of PFC — IT  
interactions, the findings of increased activation in left inferior frontal 
regions during conditions requiring higher levels of 
selection/monitoring, in parallel with reduced responses in IT-cortex 
during higher levels of successful retrieval suggests that reduced 
responses in IT-cortex may be modulated by PFC regions. From the 
findings of reduced activation in the first two conditions, where novel 
and familiar items were compared, one might argue that in these two 
conditions demands on selection/monitoring were small. Flowever, 
the deactivation in the second two conditions, where familiar lures 
and familiar targets were compared, was stronger, possibly reflecting a 
stronger modulation from PFC regions, when demand on 
monitoring/selection is high. Hence, matching effects in IT-cortex 
during episodic memory is based on an interaction between stimulus 
repetition and higher-order cognitive processes. In relation to the 
previous discussion on retrieval mode and retrieval success, one 
important question for future research is whether the activation in left 
inferior PFC is related to a “mode” involved in selecting appropriate 
targets. By this view, PFC regions are involved in activating specific 
representations as a result o f task demands, and when a test item is 
presented that matches an activated representation a deactivation in 
specific brain regions follow. Alternatively, left PFC activation may be
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related to processes operating on each item by modifying outgoing 
responses according to the task at hand.

In conclusion, these results show that recovery of 
information/retrieval success may involve diverse neural responses. 
These responses may be related to activation changes (increases and 
decreases) as well as to interactions among brain regions.

A synthesis

During the recent years our understanding o f memory functions has 
increased considerably. Even so, several gaps in our understanding of 
human memory still remain. By taking available data, as pieces in a 
puzzle, into consideration, it is possible to speculate in what the 
picture might look like.

Some episodes that we experience are remembered in vivid detail, 
even when the experiences took place a long time ago, others are 
experienced in a seemingly equal way, and are nevertheless lost form 
memory. O f great importance is to identify the neural underpinnings 
that determine whether these experiences are remembered or 
forgotten. One step on the way is to investigate the neural 
mechanisms of different sub-processes o f episodic memory, and how 
they may impact on our capacity to remember.

When we experience something, the information is initially 
processed in sensory-specific regions o f the brain. During episodic 
encoding this information is transformed into internal representations 
that are interpreted, typically using semantic knowledge essential for 
the task at hand. For this representation to be permanently stored it 
must be bound together with internal and external contextual details. 
These two mechanisms of episodic encoding, to generate an internal 
representation of an event and to bind together this event with 
contextual information for storage, usually interact with learning. 
How well this experience later is remembered depends on a multitude 
o f factors. The effectiveness of laying down a memory engram in the 
brain is dependent on frontal lobe functioning and its interaction with 
M TL regions and sensory specific cortical regions. Neural activation in 
these areas during encoding of information can predict how well this 
information is transformed into memories and later remembered. 
Material-specific effects have also been reported -  left PFC and left 
M TL are involved in subsequent memory for words and right PFC
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and bilateral M TL are correlated with subsequent memory for 
pictures.

If we experience something for the first time we seem to remember 
that particular event better than if we have encountered it previously. 
The effect o f stimulus novelty seems to be mediated primarily by 
activation in PFC and M TL regions. Novelty effects in PFC and M TL 
regions indicate that the activation in these regions impact the efficacy 
of encoding, possibly producing richer and more effective episodic 
traces for initial compared to repeated events. W hen the memory 
traces are consolidated and later stored, they appear to be stored in the 
same posterior cortical regions in the brain that were involved during 
initial processing of the event. The cerebral cortex is composed of 
multiple processing components that represents and operates on 
specific stimuli information, such as spatial relations, motor acts, and 
auditory features. During encoding and retrieval these cortical areas 
interacts with M TL regions depending on the nature of the event 
information.

During retrieval some regions are involved independently of 
whether we succeed in retrieving information from memory. This 
cognitive state in which a person attempts to remember a specific 
event primarily involves right prefrontal regions. O ther frontal regions 
are involved when we succeed in remembering a past event, and yet 
other regions monitor the output of our attempts. M onitoring of 
memory output is important for evaluating whether a specific memory 
is relevant for a specific situation, but it also involves processes of 
remembering where and when this information was encountered. 
W hen we actually remember something frontal regions work in 
concert with M TL regions, which are involved reactivating stored 
representations. This reactivation of regions involved in storage of 
specific information may feed back to M TL areas during successful 
retrieval.

Conclusions

I would like to draw attention to a few conclusion based on the results 
presented in this thesis. First, these data, together with other findings, 
indicate that specific regions involved in initial encoding of specific 
event information also are reactivated during subsequent retrieval of 
this event information. Second, encoding and retrieval o f episodic 
information are subserved by different prefrontal regions. Left frontal 
regions are differentially more involved during encoding o f episodic
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information than right frontal regions. Likewise, right frontal regions 
respond more strongly than left frontal regions during retrieval of 
event information. Third, successful retrieval of episodic information 
is associated with either; increases in brain activation, decreases in 
brain activation, or changes in connectivity between specific brain 
regions.

O f great importance for future research is to more elegandy bring 
together our understanding of the neural underpinnings and cognitive 
theories o f memory. To date, brain imaging research have often used 
fairly basic memory concepts, such as investigating differences 
between recognition of old and new items. However, as neuroimaging 
methods are getting more sophisticated, new possibilities for research 
will open up. For example, recent developments have made it possible 
to separate between brain regions involved in cognitive processes 
associated with mode-related processes such as a retrieval attempt, and 
processes that operate on specific items. By using PET, however, it is 
not possible to separate between mode- and item related brain 
activation. Another important issue that has recendy attracted 
attention is how different cognitive tasks, such as attention, working 
memory, episodic memory, and the like, share common basic 
cognitive operations subserved by specific areas in the brain. For 
example, executive functions are involved in several different cognitive 
domains, and hence, specific brain regions may be involved across 
multiple tasks. Answers to these, and other, questions will add to our 
knowledge of the neural correlates of memory. W hat this thesis has 
showed is that different episodic processes are correlated with distinct 
brain areas, hence supporting the view that remembering is based on 
multiple component processes.
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