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Abstract 
 
Remembering previously experienced events can happen as a result of an 
effortful retrieval attempt. At other occasions, a memory can enter our 
minds without any apparent effort – or, indeed, intention - to retrieve. 
Although it has long been appreciated that retrieval from episodic memory 
is intertwined with cognitive control, the neural mechanisms of memory-control 
interactions remain unclear. In this thesis I have used functional magnetic 
resonance imaging (fMRI) and scalp-recorded event-related potentials 
(ERP) to study the neural basis of episodic retrieval at varying levels of 
cognitive control. The dorsolateral prefrontal cortex (dlPFC) has been 
suggested to support a cognitive control mechanism (context processing) 
which is relevant during various situations that demand maintenance of 
current goals and rules. Although increased dlPFC recruitment with 
increasing context processing demands has been demonstrated during 
episodic retrieval, there are relatively few studies directly comparing the 
engagement of dlPFC during episodic retrieval with that during other task 
domains. In Study I, context processing demands were amplified in episodic 
retrieval, auditory attention and emotion regulation tasks. This led to 
overlapping dlPFC recruitment in the first two domains and a divergent 
reliance on ventromedial prefrontal cortex in the emotion domain. Thus, 
when selection between competing representations needs to be carried out 
in accordance with the currently relevant goals and task rules, the episodic 
memory system interacts with domain-general cognitive control mechanisms. 
Studies II and III explored the reactive nature of retrieval-specific control 
mechanisms: can we flexibly switch between semantic and episodic retrieval 
based on the information extracted from a retrieval cue? This was studied 
using a recognition memory task where the relevant information could with 
equal probability be supplied by the semantic or the episodic memory 
system. The fMRI results (Study II) showed that the brain activation during 
the ‘episodic’ but not the ‘semantic’ trials was expressed in the right 
prefrontal cortex. As the order of trials was unpredictable, the 
corresponding changes in brain activation might be evoked by differences in 
early cue-trace interactions. An event-related potential study (Study III) with 
the same experimental protocol as in Study II showed that neural processing 
corresponding to the two trial types diverged as early as in the time window 
100-140 ms post-cue onset, thus highlighting the importance of early cue-
trace matching in the selection of further retrieval processing. Study IV 
explored incidental episodic retrieval. Although this form of retrieval is a 
common experience in everyday life and a disturbing symptom in some 
psychiatric conditions, it is not clear how such spontaneous expressions of 
memory are initiated and to what extent the prefrontal cortex is engaged. 



  

The fMRI results showed, consistent with Study I, that dlPFC is specifically 
associated with the intention to retrieve, independently of success. Retrieval 
success engaged similar networks for incidentally as well as intentionally 
retrieved memories, comprising the hippocampus, precuneus, ventrolateral 
PFC, and the anterior cingulate cortex. Collectively, the fMRI and ERP 
results indicated that incidental retrieval was initiated by early (< 200 ms) 
oldness estimation carried out on the semantic information extracted from 
the retrieval cues. Taken together, the results of this thesis indicate that 
episodic retrieval can be initiated via two routes:  a bottom-up input rising 
early during the cue processing, and a top-down input provided by the 
cognitive control processes mediated by the prefrontal cortex.  
 
Key words: episodic retrieval, cognitive control, retrieval intention, 
prefrontal cortex, functional magnetic resonance imaging, event-related 
potentials. 
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Introduction 
 

A very straightforward way to define memory is to consider it as a 
modification of behavior resulting from previous experiences. We 
believe that we observe memory by noting that a rat reaches the food 
pellet in the labyrinth, a neuropsychological patient draws the 
previously seen complex figure, the tiny gadget, when plugged to the 
computer’s USB drive, reveals the draft of our manuscript. Save the 
computer scientists’ quip of “write-only memory”, all memory 
systems in the world – biological and artificial – are meant to generate 
output; and it is by the output that we know their nature.  

And yet, providing output from memory is far from simple 
matter. When we peruse our apartment, desperate to find the keys, we 
may feel that we do little justice to our species, claimed to be 
endowed with a sophisticated memory system. What does it help that 
we could effortlessly retrieve the address of our childhood home? 
Remember how we spent the last New Year’s Eve? Be able to curse 
the hapless morning with swear words from seven languages? 
Perceive everything around us with particular fluency due to repeated 
exposure? We must have the experience of placing the keys on some 
surface in our past: why can we not exhibit the behavior of finding 
that surface? 

Any type of expression of memory (or failure thereof) tells us 
more of cognitive control governing the access to stored information 
than it does about the storage itself. The need for a control 
mechanism which governs the output from memory is obvious even 
when briefly considering the storage mechanisms of our cognitive 
system. The attempts to pin a number on our mnemonic resources 
(yielding anything from a somewhat disheartening “around a billion 
bits [~125 MB] for a mature person” (Landauer, 1986) to ten 
terabytes) do not by themselves convey it well. More important than 
quantity itself is the fact that our memory consists of completely 
different systems, each holding different type of information, allowing 
it to be retrieved differently, and to be used for different purposes. 
Further, when we want the mnemonic information, we want it 
immediately, we want it to be accurate and correspond precisely to 
the needs that we currently have.  We care little that our particular 
query is poorly specified and that the corresponding information is 
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rarely required, difficult to access and was not properly encoded in 
the first place.  

This thesis concentrates on the interactions between stored 
information and cognitive control processes within episodic memory, 
the memory system which enables us to re-live personally experienced 
events. Retrieval from episodic memory can be effortful or 
sometimes even impossible, at other instances it seems to require no 
effort at all, or even occur against our efforts to refrain from retrieval. 
In this thesis I have examined the neural mechanisms of cognitive 
control that govern episodic retrieval. 

 
 
 

Episodic memory  

Episodic memory and other memory systems 
Although the focus of this thesis is retrieval from episodic memory, it 
is necessary to briefly review the notion of multiple memory systems 
in order to provide context in which episodic retrieval is to be 
understood. As mentioned in the Introduction, human memory is not 
a single storage space. Instead, we have several cognitive systems, 
each of which corresponds to the definition of memory: a neural 
system which can encode, store and retrieve information of past 
experiences.  

The earliest consideration of multiple memory systems in 
modern sense can be attributed to Maine de Biran, an early-19th 
century French philosopher, who differentiated between mechanical, 
sensitive and representative memory (Schacter, 1987). In the 
following centuries, a number of attempts have been made at 
establishing the taxonomy of memory systems, often concentrating 
on dichotomies (see Squire, 2004). However, more important than 
any particular taxonomy have been the efforts to delineate what is 
meant by a “memory system”. Views differ on the exact definition, 
but the following preconditions to defining a memory system seem to 
be agreed upon by many different authors (see for example Nyberg & 
Tulving, 1996; Squire, 2004; Tulving, 1985):  
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- a specific modus operandi, and  processing of specific type of     
information;   

- dissociations, such that performance differs within subjects 
depending on the task; or between subjects depending on cognitive 
status; 

- specific neural underpinnings, as indicated by brain lesion and/or 
neuroimaging studies. 

 
A widely employed feature to differentiate between memory 

systems is according to how we experience the output from them: 
explicit, meaning that the output is accessible to consciousness, such as 
facts and events; and implicit, denoting forms of expression which are 
not accessible to consciousness, supporting phenomena such as 
priming and habituation (Tulving, 1995). A largely overlapping 
distinction separates declarative and non-declarative memory systems 
(Squire, 1992). These wide classes, however, contain several memory 
systems each.  

Within memory systems which provide explicit output two 
memory systems are distinguished: the episodic memory system and a 
non-episodic system (commonly termed “semantic”, although see 
Tulving and Markowitsch, 1998). The episodic memory system 
processes personally experienced episodes: information which is 
spatially and temporally specific, multimodal, acquired via single-trial 
learning. It relies on medial temporal lobe, especially hippocampus 
(Eldridge, Knowlton, Furmanski, Bookheimer, & Engel, 2000), 
suggesting that it is based on evolutionarily older spatial navigation 
functions (see Burgess, Maguire, & O'Keefe, 2002). Prefrontal areas, 
in particular the right prefrontal cortex, seem to be crucial for 
retrieving from episodic memory (Lepage, Ghaffar, Nyberg, & 
Tulving, 2000; Nyberg, Cabeza, & Tulving, 1996). By contrast, the 
semantic memory system processes factual knowledge about the 
world, acquired via repeated learning (Moscovitch et al, 2005). Storage 
of semantic memory relies on lateral temporal cortex (Martin & Chao, 
2001), and its retrieval is associated with the left prefrontal cortex 
(Wagner, Pare-Blagoev, Clark, & Poldrack, 2001).  

The topics of independence and interaction among the 
different memory systems still present unresolved questions to the 
memory researchers. There is evidence suggesting that the memory 



 

 4 

systems which provide explicit and implicit output function 
independently from each other, as their neural underpinnings are 
different and dissociations can be seen in the performance of tasks 
requiring explicit and implicit expressions of encoded material. This 
neural and functional independence does not preclude interaction 
between different systems during task performance (see for example 
Poldrack et al., 2001). Also, the exact relationship between episodic 
and semantic memory is currently unclear. While single dissociations, 
with loss of episodic but preserved semantic memory functioning are 
well-known (Rosenbaum et al., 2005), the reverse situation is more 
difficult to identify. It is not clear whether the semantic memory 
system can be damaged, leaving the episodic memory system 
functional. It is also not clear whether (and how) the semantic and 
episodic memory systems depend on each other during encoding of 
new information (see for example Graham, Simons, Pratt, Patterson, 
& Hodges, 2000). It appears that in healthy adults these two systems 
operate closely together and are therefore very difficult to disentangle. 
However, neuroimaging studies have demonstrated that retrieval 
from episodic and semantic memory engages different brain regions 
(Cabeza & Nyberg, 2000), suggesting that retrieval from these two 
different systems may proceed independently (Tulving, 2001).   

To summarize, episodic memory is a particular memory 
system which allows us to store and mentally re-live events that we 
experience, binding the visual, auditory, olfactory, motor, emotional, 
spatial, and temporal aspects of the episode into a coherent entity 
which we can later access and use for our purposes. It has specific 
neural underpinnings, with medial temporal lobe necessary for 
encoding and retrieval of information, and prefrontal areas 
supporting these operations. The episodic memory system exists in 
parallel to other memory systems which, although they may be in 
important respects independent, interact with it. It is plausible that 
the context of a task determines which memory systems collaborate 
with the episodic memory system, and what is the nature of this 
collaboration. For example, if the task requires explicit retrieval, the 
interaction between the episodic and semantic systems may be 
particularly relevant, as both of these systems provide explicit output. 
By contrast, if the task relies on single-trial learning, the interaction 
between episodic memory and the memory system supporting 
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priming is particularly relevant, since both of the systems exhibit this 
capacity. 

 

Retrieval from episodic memory 
To retrieve from episodic memory means to mentally re-experience a 
multimodal, spatially organized, time-stamped, perceptually rich 
episode. In a way, episodic memory provides a remarkably efficient 
way of storing information for future reference. Consider a set of 
questions. Has the author of this thesis ever seen Barack Obama? 
Was his pre-election speech in Berlin well-attended? Close to which 
sculptural landmark did it take place? Was it a nice weather on the day 
of that speech? What was the color of the car in which he was 
transported away from the speech location? For answering any of 
these questions I can retrieve a single episode and point out the 
specific detail which answers the question. But, oddly, there are some 
simple queries which I could not provide an answer for. What was the 
name of the street on which I was standing when this episode took 
place? Although this information was surely present on a street sign, I 
can not retrieve it. Correspondingly, if I were presented with the 
name of this street, and asked to recount episodes that have occurred 
to me there, I could not come up with any.  

This pattern of impressive ease in answering some questions 
about this event and complete inability to answer some others is 
explained by the model of retrieval as synergistic ecphory, proposed 
by Tulving (1982). The synergistic ecphory model suggests that 
episodic retrieval performance is determined by the information 
provided by the memory trace and the information present during 
retrieval, or the retrieval cue. In this model, the memory trace is 
assumed to be a multidimensional bundle of features, its exact 
composition determined by the encoding operations; thus it does not 
represent necessarily all of the information which was present during 
the original episode (Tulving & Thomson, 1973). Also, the retrieval 
cue can be thought of as a bundle of features, not all of which are 
relevant for retrieving the memory trace. The information which we 
extract from the retrieval cue during retrieval is brought to 
conjunction with the information which we stored during encoding. 
The result of this conjunction analysis determines what we 
experience. In case there is no correspondence between the trace and 
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the cue information, nothing is retrieved. Thus, the name of the street 
on which I was standing during the abovementioned episode would 
not allow me to retrieve that memory, since I did not encode that 
feature as a part of this episode – there is no street name information 
in the memory trace which could match the information provided by 
the cue. As a further example, a cue “white car” would not be 
efficient in retrieving this memory because the information it 
provides has very low specificity (that is, the information in this cue 
overlaps with very many episodic memories). A cue “Obama” would, 
however, be an efficient cue due to being present in the trace, as well 
as the restricted amount of episodic memories containing this 
information unit. 

The trace and the cue are only the pre-requisites for 
remembering. A crucial part of the synergistic ecphory model is the 
idea that the conjunction of trace and cue results in a certain type of 
information. Termed “ecphoric information” by Tulving after 
Semon’s ideas on ‘ecphory’, a concept referring to the mnemonic 
engram’s ‘passage from latent to active state’ (Semon, 1921), this is 
the information resulting from the interaction between the trace and 
the cue. It follows from this notion that during episodic retrieval we 
are not re-activating a memory trace. Instead, we are generating 
specific information. The cognitive control processes which govern 
retrieval operate not only on the cue and the trace, but also on the 
resulting ecphoric information. Variations on the quality and quantity 
of ecphoric information result in different subjective experiences 
during a retrieval trial, and different observable behavior.  

Further, the interaction between the trace and the cue 
depends on the neural context in which the cue is processed. It has 
been suggested that a prefrontally governed retrieval-specific task set, 
termed “retrieval mode”, is required for episodic retrieval to occur 
(Lepage et al., 2000). This task set, which has been presumed to be 
maintained tonically, determines the operations which are performed 
on the cue, as well as on the resulting ecphoric information. It is these 
processes that implement the cognitive control which was referred to 
in the Introduction as a necessary component in accessing the vast 
storage space of memories.  

Thus, episodic retrieval depends on three components: the 
multimodal episodic memory trace which was formed during the 
encoding of the episode, the retrieval cue which can be used to access 
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particular mnemonic information, and cognitive control which 
supports and modifies the cue-trace interaction as well as the 
operations performed on the ecphoric information. In the next 
section I give a brief overview of the extensive topic of cognitive 
control and its role during episodic retrieval.  
 
 

Cognitive control 

What is cognitive control? 
Cognitive control is an umbrella concept, referring to the unknown 
number of processes involved in enabling goal-oriented behavior 
which is flexible in reacting to changing environmental demands. 
Cognitive control allows us to set short- and long-term future goals, 
devise plans for reaching these goals, select and sequence appropriate 
actions, engage in these actions while refraining from currently 
irrelevant behaviors, detect insufficiency or incompatibility in our 
actions with regard to the desired results, modify actions accordingly, 
and, finally, desist from the actions upon reaching the goal. Without 
cognitive control, the simple task of making a sandwich would be 
impossible: even if we, through some lucky coincidence, would 
successfully arrive at our refrigerator without giving in to any other 
impulse, we might engage in the act of extracting not only cheese and 
butter, but all of its contents. Although cognitive control (and, in 
particular, lack thereof) is most evidently expressed in behavior, it 
operates by regulating covert processes - including higher cognitive 
functions, such as attention and memory. It allows us to remember 
our intention of making a sandwich, direct the attention to find the 
ingredients on the refrigerator shelves and select the appropriate 
motor sequences. 

The history of understanding cognitive control began in the 
field of clinical neurology. For clinical practitioners the observation 
that there is a syndrome of extreme disorganization of thought and 
action was inescapable; it followed that there must exist cerebral 
mechanisms which provide the organization. Based on his work in 
mid-20th century, Luria (1980) provided a comprehensive summary of 
certain behavioral disturbances found after frontal lobe lesions. This 
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characterization of the observed behavioral deficits concentrated on 
the following features: the patients’ inability to produce stable plans, 
inability to carry out complex, purposive and goal-directed actions, 
inability to evaluate their attempts, and continuation with automatic 
actions which were no longer meaningful, without any attempt at 
correction. Based on these observations, Luria concluded that there is 
a set of higher cognitive functions which enable goal-oriented, 
controlled behavior (including shifting, monitoring and regulation of 
our actions); and the seat of these functions resides in the frontal 
lobes, a view with which current theories of cognitive control agree.  

In cognitive science, the theoretical conceptualizations of 
cognitive control could be said to have begun with the dawn of 
cognitive science itself – with the attempts to explain the mechanisms 
of attention (Broadbent, 1957; Treisman, 1969). It must be noted, 
however, that these theoretical approaches did not prioritize attention 
and its varieties per se, but rather attempted to identify how and where 
attention interacts with the processing of sensory information. The 
first approaches at cognitive control as a system which modifies not 
only perception but also action emerged later. Norman and Shallice 
(1986) expanded the controlled/automatic processing distinction, first 
proposed by Schneider and Shriffin (1977), to regulation of actions; 
and suggested that the behavioral challenges that a novel or complex 
situation presents are solved by the supervisory attentional system 
which chooses the appropriate action sequences.  

Whereas earlier approaches to cognitive control proposed a 
single entity or mechanism which provides all varieties of cognitive 
control (Baddeley, 1992; Posner & Petersen, 1990), more recent 
theories favor fractionation of cognitive control into subprocesses. 
There is no commonly accepted taxonomy of subprocesses which 
contribute to cognitive control, but the concepts used by different 
researchers overlap to a substantial degree. Putative subprocesses of 
cognitive control include inhibition of currently irrelevant and 
selection of relevant information, monitoring the behavior, detecting 
conflicts between the planned and ongoing actions, and updating the 
representations of goals and current environment (see for example 
Botvinick, 2007; Braver, Barch, & Cohen, 1999; Carter et al., 1998; 
Ridderinkhof, van den Wildenberg, Segalowitz, & Carter, 2004). An 
insightful approach was provided by Miyake et al. (2000), who used 
factor analysis to identify latent factors responsible for the 
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performance of various “executive” tasks. The resulting component 
processes, termed shifting, updating and inhibition, could represent 
the elementary building blocks of cognitive control, which are 
integrated into hierarchically more complex task sets.  

Owing to their origin in clinical neurology, the theories of 
cognitive control are closely related to theories of frontal lobe 
function, with particular attention to the prefrontal cortex which 
encompasses the anterior portion of frontal lobe. It has been 
suggested that cognitive control is enabled by properties of the 
prefrontal cortex neurons, which can sustain representations of 
currently relevant stimulus-response mappings in a certain fashion so 
that these representations can modulate processing in other brain 
regions (Duncan, 2001; Fuster, 2001; Miller & Cohen, 2001). To 
highlight the modulatory role of the prefrontal cortex, Miller and 
Cohen (2001) evoke the mental image of a switch operator on a 
railway, determining which track the train will take.  

The role of cognitive control in behavior can be 
conceptualized on several levels. It can be viewed on a macroscopic 
level, to understand how it allows the sequencing and integration of 
vastly diverse functions – which any complex behavioral act requires 
– into a coherent flow. Clearly, domain-general view of cognitive 
control ought to be adopted to understand its mechanisms and 
limitations during behavior, and to be able to reduce diverse cognitive 
problems to a smaller set of variables. In parallel, cognitive control 
can be examined on a more narrow scale, to understand how it allows 
us to flexibly use any single mental ability – be it bimanual 
coordination, language or memory. In the next section I consider the 
importance of cognitive control specifically in regard to episodic 
retrieval and review prevalent theories of how the control of retrieval 
is achieved. 

Cognitive control and memory 
Cognitive control is integral to our ability to use the information in 
our episodic memory. We need to specify which exact episode in this 
rich store we need to access. We need to refrain from retrieving 
irrelevant, although related memories. We need to perform retrieval 
attempts, monitor the success of these attempts, and increase our 
efforts if the desired outcome is not reached. 
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The theoretical approaches to the question of how cognitive 
control is implemented in episodic retrieval can be schematically 
expressed as a nested hierarchy of task sets (Figure 1)1.On the highest, 
most general level, it has been suggested that episodic retrieval 
requires a specific task set, termed ‘retrieval mode’ (Nyberg et al., 
1995). As delineated by Lepage and colleagues (Lepage et al., 2000), 
this task set would specify how the lower-level cognitive control 
processes are recruited into the service of retrieval to monitor the 
retrieval progress, inhibit the irrelevant memories and shift from one 
mnemonic representation to the other. The retrieval mode is adopted 
when we encounter a requirement to retrieve, and is assumed to be 
tonically maintained throughout the retrieval task (Lepage et al., 
2000).  

 
 

 
Figure 1. A schematic overview of different theoretical constructs relating to  

the cognitive control of episodic retrieval. 
 

                                                 
1
 This scheme is not an attempt to propose a model of retrieval-related cognitive 

control, but merely an illustration of how the various proposed theoretical 

constructs of retrieval-related control relate to each other. 
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Within this task set, another sub-set has been suggested: 
retrieval orientation (Rugg & Wilding, 2000). This idea states that in 
addition to the general mode of retrieval there are sub-modes which 
specify the retrieval conditions in more detail, such as modality, type 
or recency of the to-be-retrieved information, or the nature of the 
required response. Rugg and Wilding (2000) propose that the 
predominant contribution of a retrieval orientation is in specifying 
which information is extracted from the retrieval cues. However, such 
set would also guide the evaluation of the retrieved material against a 
specific goal. 

Further nested are pre-retrieval and post-retrieval processing 
(Rugg & Wilding, 2000). These concepts refer to the idea that 
controlled processing of specific nature is required before as well as 
after some information has been recovered. The processes before 
retrieval pertain mainly to processing the retrieval cue to extract 
relevant information from it, also specifying the search conditions. 
After retrieval, the information must be maintained “on-line” and 
evaluated for its suitability for the current goal. Both of these sets of 
processes operate as specified by the retrieval orientation. The three 
elementary operations of cognitive control, suggested by Miyake et al. 
(2000), can be placed in this scheme on the lowest level, their 
operations determined by their governing sub-set.  

Another, relatively ill-specified concept (not included in 
Figure 1) is retrieval effort. This can be conceptualized as increased 
vigor in the employment of one or several of the three lowest-level 
component processes (updating, inhibition, shifting) in the service of 
retrieval as defined by the hierarchically higher task sets. There have 
been several approaches to operationalizing effort, usually by 
presenting a manipulation during encoding. This influences the 
resulting memory traces, generating changed demands during 
retrieval, for example increasing the need for inhibition of the 
irrelevant traces, or the need for shifting to generate more access 
strategies to recover the stored information (see for example Buckner, 
Koutstaal, Schacter, Wagner, & Rosen, 1998; Robb & Rugg, 2002). 
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Linking subregions of the prefrontal cortex to 
cognitive control of memory 
The frontal cortex can be divided into separate subregions with 
different functions subserved by these regions. This division is 
motivated by several converging streams of evidence, such as lesion 
studies which show that an injury or ablation encompassing different 
subregions produces distinct behavioral outcomes, cytoarchitectonic 
mapping showing the differences in the neuronal layering, anatomical 
connectivity studies, and neuroimaging studies which show that the 
recruitment of different subregions varies depending on the task.  
The frontal lobe is defined as the anterior portion of each cerebral 
hemisphere, separated from the parietal lobe by the central sulcus and 
from the temporal lobe by the lateral sulcus. The posterior portion of 
the frontal lobes (the motor and premotor cortex) is dedicated to 
planning and execution of movements, whereas the anterior portion 
(the prefrontal cortex) is associated with higher-order functions, and 
has been suggested to carry out cognitive control processes. Within 
the prefrontal cortex, the following portions are distinguished: 
frontopolar, ventrolateral, dorsolateral, medial and orbitofrontal. Of 
these, the frontopolar,ventrolateral and dorsolateral portions (Figure 
2) have been consistently linked to guiding various aspects of episodic 
retrieval. 

 
 

Figure 2. An illustration of the cerebral hemispheres, pointing out dorsolateral, 

ventrolateral and frontopolar portions of the prefrontal cortex (PFC). The arrows 

visualize the spatial axes which are commonly used to characterize the relative 

positions of brain areas : anterior-posterior (A, P), dorsal-ventral (D,V) and medial-

lateral (M, L). 
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As I pointed out above, cognitive control can be considered 
on both domain-general as well as domain-specific level. Below I 
strive to provide two levels of explanation. I will discuss the 
subportions of the prefrontal cortex from the perspective of episodic 
memory, but also attempt to provide a domain-general perspective on 
the functions which these areas fulfil.  

Frontopolar cortex 
The frontopolar cortex (FPC), corresponding to Brodmann area (BA) 
10, participates in maintaining the cognitive control on a task set level, 
that is, in supporting the retrieval mode. Right-lateralized activation 
of the FPC has been shown to be specific to episodic retrieval task, 
compared to other cognitive tasks (Lepage et al., 2000). Consistent 
with theoretical predictions about the brain areas which are important 
for retrieval mode it has been found to exhibit a tonic activation 
profile, with its activity increasing at the onset of an episodic retrieval 
task and remaining elevated throughout the duration of the task 
(Donaldson, Petersen, Ollinger, & Buckner, 2001; Velanova et al., 
2003). Further, slowly developing increase of FPC activity has been 
found to accompany improvement in the performance of an episodic 
retrieval task (Düzel et al., 1999).  

However, it has been suggested that the right FPC activation 
is likely to be not specific to the task set supporting episodic retrieval, 
but to maintaining any task set with high requirements to complex 
integration of several subprocesses (Sakai & Passingham, 2003).  

Ventrolateral prefrontal cortex 
The role which the ventrolateral prefrontal cortex (vlPFC) plays 
during retrieval is not fully understood. Among the several suggested 
alternatives some common themes emerge. I will in detail consider 
two main themes: selection among competing representations and 
cue specification. 

The vlPFC has been highlighted as the crucial brain region for 
providing inhibitory control and selective attention. While the left 
vlPFC has been shown to increase activation when the demands to 
select from among competing representations are increased in 
working memory and semantic retrieval (Thompson-Schill, 
D'Esposito, Aguirre, & Farah, 1997), the right vlPFC has been 
suggested to select from among competing responses in the domain 
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of episodic memory. According to this view, the memory systems 
provide several candidate representations in response to a retrieval 
attempt. The vlPFC selects the appropriate representation for further 
processing and inhibits the irrelevant representations (Kuhl, 
Dudukovic, Kahn, & Wagner, 2007; Kuhl, Kahn, Dudukovic, & 
Wagner, 2008). Thus, this account suggests that the vlPFC, in 
particular in the right hemisphere, is responsible for the selection of a 
certain mnemonic representation from among many during episodic 
retrieval, possibly by inhibiting the alternatives. 

Another, potentially complementary approach suggests that 
the vlPFC is responsible for processing the retrieval cues, or 
performing the corresponding elaboration on the search conditions 
for retrieval. This idea is supported by studies showing that retrieval 
conditions hypothesized to require more elaboration on the provided 
cues resulted in increased activation of the vlPFC (Fletcher, Shallice, 
Frith, Frackowiak, & Dolan, 1998; Henson, Shallice, & Dolan, 1999). 
Given the abovementioned relevance of the left vlPFC for semantic 
selection, it seems plausible that either the semantic processing of a 
retrieval cue, or the construction of additional cues before retrieval 
can proceed, would engage the left vlPFC. 

Summarizing the above with respect to episodic retrieval, it 
seems likely that the right vlPFC, by its implied function of selection 
of the mnemonic representations, plays a role which can be 
considered both post-retrieval as well as integral to retrieval. It is 
post-retrieval in the sense that it operates on the representations 
which are already brought into existence and compete for selection. It 
is integral to retrieval as it determines which representation is 
highlighted and further acted upon. Wilding and Rugg (1996) have 
suggested that retrieval from episodic memory consists of the system 
providing the declarative information as well as a specific post-
retrieval processes which operate upon the recovered information. 
This view has immediate similarity to Tulving’s (1982) suggestion of 
post-ecphoric conversion which is the source of experiencing the 
memory (and can thus generate different subjective conscious 
experience for episodic and semantic memories). The left vlPFC, due 
to its role in semantic processing, plays a larger role during pre-
retrieval processing, by extracting the semantic information from the 
retrieval cue. One implication of such a model is a shift in activation 
from the left to the right vlPFC during the course of retrieval, a 
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notion to which there is some empirical support (Conway, Pleydell-
Pearce, & Whitecross, 2001; Schloerscheidt & Rugg, 1997). However, 
it is also possible that the cue specification and representation 
selection have an inversely proportional relationship: the more 
specified the search conditions, the fewer corresponding 
representations will compete for selection, thus the transient 
activations during a retrieval task would be either left- or right-
lateralized, as opposed to shifting from left to right. 

Dorsolateral prefrontal cortex 
The proposed role of the dorsolateral prefrontal cortex (dlPFC) 
consists of monitoring and verification of the retrieved information to 
assess its consistency with the current goals. This position is 
supported by transcranial magnetic stimulation studies indicating that 
a temporary disruption of neural processing in the right dlPFC during 
retrieval results in an increased false alarm rate (Rossi et al., 2002). 
Similarly to the vlPFC, the dlPFC has been suggested to inhibit 
irrelevant mnemonic representations during retrieval (Anderson et al., 
2004). However, the dlPFC has been suggested to operate on a more 
abstract level, being responsible for contextual integration of the 
retrieved information with the ongoing task (Braver et al., 1999). Such 
“context processing”, including constant updating of the task context 
while maintaining it in a stable form during the entire task, would 
enable retrieving specific, currently relevant information at the 
presence of competing, prepotent responses. Consistent with this 
view, increased dlPFC activation is seen in retrieval tasks where the 
context processing demands are high, for example during 
“source/item memory” task which requires alternating between 
giving a familiarity-driven old/new response and retrieving certain 
details of the study episode while ignoring the currently irrelevant 
familiarity information (Marklund et al., 2007). The context 
processing view suggests that the dlPFC is integral not only during 
episodic retrieval, but in the performance of all tasks where demands 
for contextual integration are increased. 

Interaction among subregions of the prefrontal cortex 
Several schemes have been suggested regarding how the different 
subsections of the prefrontal cortex interact with each other in order 
to carry out cognitive control in the domain of episodic retrieval. A 
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proposed left-right axis is suggested to differentiate between encoding 
(the left prefrontal cortex) and retrieval (the right prefrontal cortex) 
(Nyberg et al., 1996). Also, the left prefrontal cortex has been 
suggested to support retrieval from semantic memory, whereas the 
right prefrontal cortex is associated with retrieval from episodic 
memory (Cabeza & Nyberg, 2000). Within episodic retrieval a left-
right axis has been suggested to correspond to producing mnemonic 
alternatives versus monitoring the result of a retrieval attempt 
(Cabeza, Locantore, & Anderson, 2003), as well as processing based 
on systematic versus heuristic rules (Nolde, Johnson, & D'Esposito, 
1998). Also, a left-right axis corresponding to the retrieval of verbal 
versus non-verbal material has been suggested (McDermott, Buckner, 
Petersen, Kelley, & Sanders, 1999).  

Orthogonal to this, an anterior-posterior axis has been 
proposed, corresponding to increased complexity of the task 
demands. Koechlin and colleagues (Koechlin, Ody, & Kouneiher, 
2003) suggest that the anterior-posterior axis corresponds to 
decreasing levels of “contextual scope” that the control process has. 
According to this view, the frontopolar portion allows switching 
between several different task sets, the anterior dlPFC maintains a 
single, past-defined context which guides the selection of actions, and 
the posterior dlPFC gets contextual signals from the immediate 
environment. Koechlin’s model has been applied to the memory 
domain by Fletcher and Henson (2001). They propose that the 
anterior prefrontal cortex would support “meta-memory”, whereas 
the posterior prefrontal cortex as a functional unit would deal with 
the maintenance and manipulation of the retrieved information. Thus, 
the anterior prefrontal cortex would control the processes carried out 
by the posterior prefrontal cortex, determining how its constituent 
parts (ventrolateral and dorsolateral) are balanced in their actions.  

Additionally, a superior-inferior model of the lateral prefrontal 
cortex function has been suggested, according to which the 
dorsolateral portion of the prefrontal cortex operates on the 
information maintained by the ventrolateral portion (Fletcher & 
Henson, 2001; Petrides, 2005). 
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The temporal processing relevant to episodic 
retrieval 

 
Despite extensive research, the temporal dynamics of retrieval from 
memory are not yet fully understood. Below I will give a brief 
overview of the flow of information along the processing pathways in 
humans, based mainly on studies of scalp-recorded 
electroencephalographic and magnetoencephalographic signals. For 
the sake of simplicity, I will stay within the visual modality, as this was 
the input modality for the memory tasks which were used in all of the 
studies reported in this thesis. Also, in line with the topic of this 
thesis, I will consider the flow of information from the perspective of 
memory.  

After the light reflected from the presented stimulus reaches 
our eye, the first response from the primary visual cortex can be 
detected at approximately 50 ms (Foxe & Simpson, 2002). Following 
this, it does not take long until the brain can first “detect” that the 
visual stimulus has been experienced before. Beginning at 
approximately 70 ms post-stimulus, a modulation of the oscillatory 
activity in gamma band (30-60 Hz) has been found when a visually 
presented object has a match in the long-term semantic memory 
(Herrmann, Lenz, Junge, Busch, & Maess, 2004). The dlPFC first 
responds to an attended stimulus at ~80 ms, mere 30 ms after the 
first response from the visual cortex (Foxe & Simpson, 2002). The 
importance of the task context in the cue-trace interaction is 
emphasized by the finding of episodic novelty/familiarity 
differentiation of complex images beginning at 85 ms, achieved by 
rewarding subjects for correct responses (Bunzeck, Doeller, 
Fuentemilla, Dolan, & Düzel, 2009). At 90 ms, evoked oscillatory 
activity in the gamma band (26-70 Hz) is modulated by episodic 
memory traces, whereas the direction of the effect (decrease/ 
enhancement) differs between implicit and explicit retrieval 
requirements (Busch, Groh-Bordin, Zimmer, & Herrmann, 2008). 

During the next hundred milliseconds, that is, the time 
window from 100 to 200 ms, signs of processes contributing to 
higher-level, associative retrieval processing have been found. In the 
first half of this time window more simple, item-level processes 
appear to dominate. Tsivilis, Otten, and Rugg (2001) as well as Speer 
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and Curran (2007) have reported a novelty response in associative 
recognition memory task starting at 100 ms, differentiating between 
an entirely novel pair of visual stimuli and different types of 
associatively familiar pairs. While these studies point at a process 
important for item-level old/new distinction, Ecker and colleagues 
report a contextual novelty effect onsetting at 120 ms (Ecker, 
Zimmer, Groh-Bordin, & Mecklinger, 2007). 

While these responses could be considered “bottom-up”, the 
engagement of the prefrontal mechanisms becomes more salient 
when approaching 150 ms; this is also the time point when the item-
level processes seem to give way to higher-level, associative 
assessment of oldness. Regarding the engagement of prefrontal 
mechanisms, Bar et al. (2006) suggest that at 150 ms the orbitofrontal 
cortex receives low spatial frequency visual input via magnocellular 
pathway, enabling top-down support to subsequently facilitate visual 
recognition. A particularly interesting finding has been reported by 
Düzel, Habib, Guderian and Heinze (2004) - at 150 ms after stimulus 
onset two different responses were found in an associative memory 
task: an orbitofrontal associative novelty response (that is, response to 
novel arrangement of familiar items) and an extrastriatal associative 
familiarity response (that is, response to familiar arrangement of 
familiar items). It is less clear when the biasing signal provided by the 
prefrontal cortex returns to posterior cortex. In monkeys, top-down 
input from the prefrontal cortex has been found to reach inferior 
temporal neurons, supporting visual recognition, at 178 ms (Tomita, 
Ohbayashi, Nakahara, Hasegawa, & Miyashita, 1999). 

Following 150 ms, increasingly complex distinctions in 
electroencephalographic signals in relation to the long-term memory 
can be found. A component onsetting at 175-200 ms at inferior 
temporal sites has been shown to be related to familiarity, 
differentiating both pre-experimentally familiar representations as well 
as experimentally acquired representations from novel items (Tanaka, 
Curran, Porterfield, & Collins, 2006). Further, between 180 and 220 
ms, ERPs have been found to differentiate between novel items and 
items which are correctly endorsed as “known”, as well as between 
correctly “remembered” and “known” items (Voss & Paller, 2009). 

Starting from 300 ms, the more thoroughly studied responses 
begin. A frontally distributed response between 300 and 500 ms, 
termed ‘FN400’ (Curran, 2000) is associated to the ‘familiarity’ 



 

 19 

component as described by the dual-process theories of recognition 
memory (Yonelinas, 2002). It has been suggested that this response 
serves as a “gatekeeper”, deciding the following processing – either 
encoding, in case the stimulus is deemed novel, or associative 
retrieval, in case the stimulus is deemed familiar (Fernández & 
Tendolkar, 2006). Although this suggestion has intuitive appeal, such 
a late-onset gatekeeper mechanism which determines encoding or 
retrieval seems unlikely, given the finding of scalp-measured novelty 
effects which onset at less than 100 ms (Bunzeck et al., 2009). The 
FN400 effect appears to be related to the more extensively researched 
N400 component, which is sensitive to semantic retrieval (Nessler, 
Mecklinger, & Penney, 2005). Thus, an alternative to the “gatekeeper” 
view would be to consider the FN400 response as the index of 
retrieval from the semantic memory. In agreement with this, Düzel et 
al. (1997) have found that the neural response corresponding to the 
subjective experience of accessing semantic information, termed 
“noetic awareness”, occurs in this time range (300-600 ms).  

Thereafter, from 400 to 800, an ERP component has been 
identified which appears to correspond to recollection. This 
component, commonly denoted as ‘P600’, is expressed as a left-
lateralized positive-going wave at parietal electrodes (Curran, 2000), 
suggested to arise from hippocampal-cortical interactions (Wilding & 
Rugg, 1996). Düzel et al. (1997) consider the time period of 600-1000 
ms as the interval during which the processes occur which result in 
the subjective experience of “autonoetic awareness”, hypothesized to 
accompany the recollection from episodic memory (Düzel et al., 
1997).  

Usually beginning after 1000 ms post-stimulus, an ERP 
component manifesting as a right-lateralized slow wave over frontal 
electrodes has been observed (Friedman & Johnson, 2000). The 
characteristics of this component are still relatively unclear, but it is 
believed to reflect one or several neural sources which contribute to 
post-retrieval processing. Due to its position, it is tempting to relate 
this component to the right-lateralized prefrontal activation seen in 
fMRI studies of retrieval. However, there is currently insufficient 
evidence that this component can be directly linked to fMRI evidence 
of the role which the right frontal lobe plays in episodic retrieval.     
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Studying retrieval 
 
As shown above, the performance during an episodic retrieval task 
depends on three components: the retrieval cue, the memory trace, 
and cognitive control processes. To experimentally study episodic 
retrieval, each of these components can be manipulated while keeping 
the other two constant. By combining the manipulations of these 
three components (that is, using factorial designs), even more 
information can be gathered about the behavioral and neural 
correlates of different processes. Each experiment which studies 
episodic retrieval can be conceptualized in terms of which of these 
components are manipulated. Below I give a brief overview of the 
results that can be achieved by manipulating each of the three 
components to show what the manipulations that have been used in 
this thesis can (and cannot) reveal about the processes which 
contribute to retrieval.  

 

The retrieval cue 
Using different retrieval cues with otherwise identical retrieval 
demands enables examining the effect of the information extracted 
from the cue upon retrieval processing. An example of manipulating 
the retrieval cues while holding other aspects of retrieval constant 
would correspond to asking the subjects to recall an encoded item by 
either providing the first syllable of the target word, or alternatively a 
word which rhymes with the target word (see for example Bregman, 
1968). A crucial contribution of the cue manipulation has been to 
establish the importance of the cue information during retrieval, 
leading to the establishment of theoretical ideas that emphasize the 
relationship between the retrieval conditions and encoding 
conditions, such as the encoding specificity principle (Tulving & 
Thomson, 1973) as well as the idea of transfer appropriate processing 
(Morris, Bransford, & Franks, 1977).  
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The memory trace 
In order to manipulate the quality of the memory trace, the 
manipulations are usually enforced during encoding. Examples of 
how the quality of the memory trace can be manipulated consist of 
the encoding modality, the number of repetitions, the type of 
processing directed at the to-be-remembered items (for example 
semantic elaboration versus phonological processing of words), the 
amount of attention available, the time lapsed since the encoding, the 
total number of items presented during encoding, also the relative 
salience of the stimuli (for example novelty or distinctiveness). Several 
important findings have been obtained by manipulating the trace 
component of retrieval, beginning with the classical experiments by 
Ebbinghaus (Slamecka, 1985). The most basic, but already a very 
useful way of manipulating the trace information during retrieval is to 
vary the number of times an item has been encoded from zero 
onwards. By comparing the items which have been encoded once 
with items that have not been encoded, old/new comparisons can be 
performed, allowing to distinguish between the processes 
corresponding to the presence and absence of the trace information 
during retrieval. By additionally looking at the responses given by the 
subjects, ‘true’ and ‘false’ memories can be compared. By further 
increasing the number of encoding instances we can target the 
differences between the knowledge obtained via a single learning 
experience and knowledge which has been repeatedly acquired over 
several learning episodes, corresponding to episodic and semantic 
memories (Miyashita, 2004).  

One interesting topic which is still relatively little understood 
pertains to how the information provided by the trace can interact 
with the cognitive control processes during retrieval processing. To 
understand the importance of content-control interactions in 
retrieval, the case of correct rejections versus misses (that is, correctly 
versus mistakenly classifying an item as “new”) can be considered as 
an example. Although in both instances the subject behaves in the 
same way, reporting that the item is “new”, the involved cognitive 
processes differ. It is not correct to consider the misses as an 
equivalent for the lack of trace information, as there may be 
information present which does not, however, allow correct decision 
to be made (Habib & Nyberg, 2008). In line with this reasoning, an 
interesting finding by Daselaar et al. (2006) suggests that a miss entails 
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inhibitory competition between a novelty response and an oldness 
response. This suggests a possibility that the demand for top-down 
support to resolve the competition may be higher during a miss 
compared to a correct rejection (when no oldness response is 
present); a potential explanation for the findings of prefrontal 
activation during misses compared to correct rejections (Henson, 
Hornberger, & Rugg, 2005). Another little-understood situation 
pertains to the fact that for any explicit retrieval situation in our daily 
life the likelihood of the retrieved information being stored as a 
semantic memory is as high as it is for it being stored as an episodic 
memory. As reviewed above, these two systems are suggested to 
differ in the neural mechanisms guiding retrieval processing. How do 
the properties of the trace influence the selection of the retrieval 
processing? These are but a few experimental questions which can be 
addressed by manipulating the properties of the memory traces and 
observing the effect of this upon retrieval processing. 

 

Cognitive control 
As was shown above, cognitive control of retrieval can be considered 
at several, hierarchically nested levels. Thus, different approaches can 
be adopted to manipulate the control component of retrieval by 
selecting the level of control which is the target for the manipulations.  

The entire task set can be manipulated, by presenting the 
encoded items in the context of a retrieval task, and in the context of 
some non-retrieval task (for example semantic or perceptual decision-
making). By doing so, we are imposing or removing the memory-
oriented task set in its entirety (including the nested sub-sets), while 
keeping constant the retrieval cues as well as the memory traces that 
correspond to them. This situation corresponds to the explicit and 
implicit expression of memories which was described above, and can 
be used to study the corresponding processes (see for example 
Buckner et al., 1995; Graf & Schacter, 1985).  

In such comparisons it is sometimes found that the subjects 
experience task-irrelevant episodic retrieval in the implicit retrieval 
condition, becoming aware that they have encountered the test items 
before (Düzel et al., 1999; Kinoshita, 2001; Mace, 2003). This 
corresponds to an important and little-explored phenomenon of 
human memory: incidental episodic retrieval (Berntsen, 1998). The 
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above-reviewed notion of retrieval mode can not accommodate such 
instances, as it proposes a pre-existing task set in which the retrieval 
cue and trace interact. The notion of proactive/reactive cognitive 
control (Braver, Paxton, Locke, & Barch, 2009) may offer a model for 
understanding how the incidentally retrieved memories can gain 
access to the consciousness and be acted upon. As of now, it remains 
unclear how the retrieval of such memories is initiated.  

Further, within the retrieval-oriented task set, the sub-
processes of control can be manipulated. A commonly used 
manipulation targets the retrieval orientation. An example of such 
manipulation would be asking the subjects to retrieve either the 
position or the color of the encoded item (see for example Herron & 
Rugg, 2003; Hornberger, Rugg, & Henson, 2006). The manipulation 
of the retrieval orientation predominately influences the processing of 
the retrieval cues (Rugg & Wilding, 2000) and is best examined by 
concentrating on the cues corresponding to non-studied items (in 
order to differentiate the cue processing from post-retrieval 
processing). A further manipulation of orientation pertains to the 
comparison of item and source retrieval, where the subjects are asked 
to report either the item’s oldness or to provide specific contextual 
details (Glisky, Polster, & Routhieaux, 1995; Wilding & Rugg, 1996).  

A crucial question of manipulating the control processes in 
the context of a retrieval task is whether these manipulations target 
the control processes which are specific to retrieval, or, as shown 
above, the processes which are domain-general. There is currently a 
paucity of within-subject comparisons of neural response to increased 
demands for cognitive control across different cognitive domains, 
which would provide best test of the notion that same subprocesses 
are contributing to cognitive control in different contexts.  

Finally, a modification that has been used, but remains 
relatively ill-defined, is manipulating the retrieval effort. Examples 
include manipulating the number of encoded items  (Robb & Rugg, 
2002) or the semantic elaboration of items during encoding (Buckner 
et al., 1998). These manipulations place higher demands on the 
employment of the basic cognitive operations (updating, shifting, 
inhibition) during retrieval. The concept of effort is useful to the 
extent that it allows to differentiate between qualitative and 
quantitative manipulations of control.  
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No manipulation 
In some cases of episodic memory research none of the three 
components is manipulated by the experimenter. Such approach is 
used when comparing the trials which are accompanied by different 
subjective experience (for example hit/miss, remember/know) within 
a retrieval task. Such comparisons can identify behavioral and neural 
correlates of different retrieval experiences and have been sometimes 
used to study brain regions associated with retrieval success, or 
episodic versus semantic retrieval (for example Eldridge et al., 2000). 
It must be noted that such approach corresponds to a pseudo-
experiment, as none of the variables that contribute to retrieval 
success are being manipulated by the experimenter. Nevertheless, 
interesting information has been gathered via such correlative 
method, allowing hypotheses to be formed for further testing.   
 
 
 

The aims of  this thesis 
 
As the review of literature presented above suggests, there are areas in 
the research concerning retrieval processing of which there is 
currently relatively little knowledge. This thesis attempts to specify the 
relationship between the content (that is, the trace information) and 
control during retrieval processing in healthy young adults. To do so, 
either the trace or the control component have been manipulated to 
generate different retrieval situations, during which the physiological 
data have been gathered. By doing so, I sought to answer the 
following questions: 

 
1. Is episodic retrieval supported by domain-general cognitive 
control processes? (Study I)  
As described above, there is some evidence suggesting that the 
prefrontal processes observed during episodic retrieval may reflect the 
engagement of domain-general cognitive control. The scarcity of 
direct within-subject comparisons regarding the increase in the 
cognitive control demands in different cognitive domains makes it 
difficult to make any conclusions. Would the increase in cognitive 
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control demands (context processing) in considerably different 
domains recruit the same prefrontal regions?  

 
2. How and when does the trace information interact with the 
control processes during the retrieval trial? (Studies II and III) 
When considering the idea of different control processes governing 
the retrieval of semantic and episodic information in the context of 
everyday life, it must be conceded that these control processes must 
be, at least to some extent, reactive. After all, we do not know in 
advance whether the information we require at the next moment is 
semantic or episodic. But how and when is the engagement of 
different control processes initiated? 

   
3. How is incidental retrieval initiated, and do control processes 
contribute to incidental retrieval? (Study IV) 
Incidental retrieval is a little-understood expression of episodic 
memory. It cannot be explained by the model of retrieval mode as a 
pre-requisite for episodic retrieval. It is often considered “automatic”, 
a by-product of some other cognitive process. However, there are 
currently no explanations how incidental retrieval is initiated and 
experienced. The series of experiments described in Study IV aimed 
to clarify the neural mechanisms triggering incidental episodic 
retrieval. 
 
 
 
 
 
 

Methods  
An inherent difficulty in characterizing the content-control 
interactions lies in the limitations of the current brain imaging 
technologies. When attempting to examine the interactions between 
distinct neural systems, both spatial and temporal resolution need to 
be optimal. Two widely used non-invasive neuroimaging methods are 
functional magnetic resonance imaging (fMRI) and 
electroencephalography (EEG), each with their particular benefits 
and limitations. While the prefrontal control mechanisms can be 
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characterized using fMRI, they may remain partially invisible to EEG 
(Düzel et al., 2001). On the other hand, the temporal resolution of 
fMRI, normally sampled at supra-second rates, allows only the 
crudest estimation of the temporal dynamics of the recruited neural 
systems. In this thesis these limitations were ameliorated by 
combining these two methods. Several approaches can be used to 
combining these methods in the study of cognitive phenomena. In 
this thesis separate recordings in separate subject groups were used 
(see below).  

 

fMRI 
Magnetic resonance imaging allows the recording of a three-
dimensional image of a biological tissue, such as human brain, by 
influencing the alignment of the spin of protons with magnetic fields 
(Rinck, 2001). Functional magnetic resonance imaging (fMRI) allows 
the characterization of changes in neural activity over relatively long, 
supra-second time intervals (see Huettel, 2008 for a comprehensive 
overview). To briefly summarize: the brain is scanned sequentially 
during the cognitive task, with one full brain image (“volume”) 
acquired approximately every few seconds. As the increase in the 
neural activity causes increased demand for oxygen, the ratio between 
the oxygenated and deoxygenated hemoglobin changes locally. Since 
oxy- and deoxyhemoglobin have different magnetic properties, the 
change in their ratio influences the signal recorded during the 
imaging. Thus, the blood-oxygen-level-dependant (BOLD) signal 
provides an estimate of the local changes in the neuronal activation 
(Kwong et al., 1992; Ogawa, Lee, Nayak, & Glynn, 1990, see also 
Logothetis, Pauls, Augath, Trinath, & Oeltermann, 2001). The spatial 
information for reconstructing the image is provided by magnetic 
field gradients. The resolution unit of the resulting three-dimensional 
image is a voxel. As an fMRI series consists of multiple images 
acquired over time, the signal across all of the acquisition time points 
makes up the time series of the voxel values. It is these time series 
which are subsequently submitted to statistical analysis to find the 
voxels where the signal changes in correspondence to the 
experimental manipulations. In this thesis, the commonly used mass 
univariate approach was used for statistical analysis (Friston et al., 
1995). Each voxel’s time series was analyzed separately, using multiple 
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regression. The regressors were modelling the expected neural 
activation resulting from the experimental conditions, allowing to 
compare the contribution of each condition at the particular voxel 
within and between subjects. The model can include regressors 
covering the entire task block, or regressors which capture transient 
events (depending on the design of the experiment).  

Before the statistical analysis, the acquired images are usually 
preprocessed in several steps to remove noise – that is, variance 
resulting from non-experimental sources (Friston et al., 2007). In this 
thesis, the following preprocessing steps were performed: correction 
for the within-volume temporal delay due to slice-wise acquisition 
(slice timing) and correction for the noise resulting from the between-
volume spatial shifts due to head movement during the acquisition 
session (realignment). Next, the images were transformed to common 
space by matching them with a standard template image (the 
Montreal Neurological Institute template), a procedure which enables 
to characterize the location of the activation on a group level despite 
the slight differences in the brain anatomy between individual 
subjects. Finally, all images were spatially smoothed to further reduce 
the individual differences remaining after the normalization process, 
and to improve the signal-to-noise ratio in order to increase the 
precision of the statistical analysis. Before the statistical analysis the 
time series data were filtered to remove low-frequency noise.   

 

EEG 
Electroencephalographic recordings capture the changes in the 
electrical field on the scalp generated by synchronous activity of large 
patches of pyramidal neurons, corresponding to post-synaptic 
potentials (Handy, 2004). The sampling rate may range from several 
hundreds to thousands of samples per second, providing a more 
adequate temporal characterization of the brain activity than possible 
with fMRI, where the sampling rate is usually around 0.3-0.7 Hz. 
Stimulus-evoked changes in the continuous EEG signal can be 
identified by extracting and averaging stimulus-locked epochs from 
the signal. The non-consistent signal components in these epochs 
cancel out, whereas the consistent components, the “event-related 
potentials” (ERPs) do not. By measuring the average amplitude of an 
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ERP in a certain time window (or at a single time point) for each 
subject under certain experimental conditions, we can then compare 
the ERP amplitude between the different conditions. 

Before the averaging and statistical analysis, it is necessary to 
preprocess the data to reduce the noise arising from eye movements 
and blinks, muscle activity, and other sources. In the studies included 
in this thesis, in addition to rejecting noise-contaminated epochs 
(Delorme, Makeig & Sejnowski, 2001), independent component 
analysis was used (Delorme & Makeig, 2004). Independent 
component analysis decomposes the signal into independent 
components, allowing the components with noise characteristics to 
be removed. After that, the remaining components are recomposed, 
forming the original signal without the noise components.  

The main shortcoming of EEG is the inability to characterize 
the spatial distribution of the observed responses. The EEG signal, 
measured at the scalp, is a mixture of contributions from an unknown 
number of generators with unknown configuration (Fender, 1987). 
Although a number of source localization techniques exist, 
combination of EEG with fMRI has been considered a very fruitful 
approach (Goldman, Stern, Engel, & Cohen, 2000; Herrmann & 
Debener, 2008). There are several possibilities to combine these two 
methods. Although simultaneous recording appears the most 
straightforward approach, it poses a considerable challenge in terms 
of data quality in both modalities  (Bénar et al., 2003; Mullinger, 
Debener, Coxon, & Bowtell, 2008). Separate recordings overcome 
this problem, but induce difficulties with experimental designs which 
rely on learning and memory. The approach adopted here was 
performing fMRI and EEG recordings on separate subject groups. 
This precludes simultaneous testing of spatial and temporal 
hypotheses of neural activity. Instead, the data gathered with EEG 
was used to test and constrain the hypotheses of neural dynamics 
emerging from the fMRI experiments, thus answering questions 
which would be impossible with fMRI alone. 

 

Subjects 
In all of the studies included in this thesis the subjects were young 
right-handed male and female adults (age range 18-40 years) recruited 
from the community of university towns in Sweden and Norway, 
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mainly by advertising the opportunity to participate among the 
university students. The subjects had no history of neurological or 
psychiatric disorders. Such population (young adults recruited from 
community, predominantly students) is often used in neuroimaging 
research when the aim is to study the basic mechanisms of cognitive 
functions and make generalizations to the adult population. Thus, the 
results presented here are readily comparable to others mentioned in 
the literature review. However, the limitations must also be kept in 
mind when considering the present results: the study population is a 
homogenous sample, and the results presented here may be 
influenced by several characteristics, such as age or handedness. In 
this thesis, all consideration of individual variation has been omitted, 
thus the generalizability of the obtained results to other age groups or 
left-handed individuals would need to be verified in future studies. 

 

Task protocols 
The studies which are reported here have all involved development of 
task protocols to target the cognitive processes of interest. The 
protocols were derived from previously used paradigms, modifying 
particular features (e.g. stimulus presentation modality, number of 
encoding instances, instructions) to allow testing of the hypotheses of 
interest.  

 
 
 

Overview of  the empirical studies 

Study I 
Evidence from a large number of fMRI studies suggests that the 
increase in the cognitive control demands in any cognitive domain 
results in the activation of largely similar areas of the prefrontal 
cortex. A recent study (Marklund et al., 2007) suggested that there is 
between-domain overlap of dlPFC recruitment due to commonly 
increased demands on context processing. One limitation of the 
above study is the relative similarity of the cognitive domains that 
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were used – a verbal working memory task and a verbal episodic 
memory task. On the other hand, there are reports of relatively 
similar recruitment of the dlPFC in a large number of different 
cognitive domains (Duncan & Owen, 2000). A more surprising recent 
result is involvement of the dlPFC in emotion regulation as well 
(Ochsner, Bunge, Gross, & Gabrieli, 2002), despite the traditional 
view of it being more dependant on ventral parts of the prefrontal 
cortex (Bechara, Damasio, & Damasio, 2000). 

The aim of Study I was characterizing the domain-generality 
of the dlPFC function by using three cognitive domains which have 
been suggested to recruit the dlPFC when within-domain 
upregulation of cognitive control occurs. Three domains were used: 
episodic memory, auditory attention, and emotion regulation. The 
corresponding paradigms which were used consisted of source/item 
paradigm (Marklund et al., 2007), dichotic listening paradigm 
(Thomsen, Rimol, Ersland, & Hugdahl, 2004) and reappraisal 
paradigm (Ochsner et al., 2002). In each of these domains a “low-
control” and a “high-control” version of the basic paradigm were 
used, differing in the context processing demands. Manipulation of 
the control demands was implemented in each of the three domains 
by requiring the subjects to use different strategies for successful 
performance, while the physical characteristics of the stimuli were 
kept identical or highly similar between the low-control and high-
control tasks within a domain. Contrasting the brain activation 
corresponding to the high-control and low-control tasks allowed the 
identification of the brain regions sensitive to within-domain control 
upregulation. Next, using a conjunction analysis the brain regions 
were identified which showed common upregulation due to increase 
in cognitive control demands across the three domains. A discrepancy 
was found between the brain activation corresponding to increased 
demands on cognitive control within the attention and memory 
domains on one hand, and the emotion domain on the other hand 
(Figure 3). In particular, the upregulation of cognitive control in both 
attention and memory domains led to increased involvement of the 
right dlPFC. These findings can be interpreted as evidence of the 
dlPFC contribution to context processing across different tasks. 
Although the control-related brain activation was extensive in the 
emotion domain, including downregulation of the amygdala activity, it 
did not encompass the dlPFC. Instead, a ventromedial portion was 
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engaged in response to increased demands on cognitive control in the 
emotion domain. These findings support previous findings of the 
dlPFC importance to cognitive control in wide variety of domains, 
but also highlight its specialization on cognitive tasks as opposed to 
emotion-related tasks. As the dlPFC did not participate in the 
emotion regulation, it suggests that there is a “cognitive” and an 
“emotional” control circuitry. This finding of divergent 
dorsolateral/ventromedial engagement can be seen as similar to the 
dorsal/ventral anterior cingulate cortex distinction (Bush, Luu, & 
Posner, 2000). 

Further, the involvement of the dlPFC in the cognitive 
control was explored in more detail, using a functional connectivity 

 

Figure 3. The increase in cognitive 

control demands (high-

control > low-control) led to joint 

increase in the recruitment of 

dorsolateral prefrontal cortex (BA 

46) in the attention and memory 

domains, whereas ventromedial 

prefrontal cortex (BA 10) activity 

was modulated exclusively by 

increased load in the emotion 

domain. Bar graphs visualize the 

percent of signal change in the 

dorsolateral (above) and 

ventromedial prefrontal (below) 

cluster compared to the mean of 

session in each of the 

experimental conditions. ATT – 

attention; EMO – emotion; MEM –

memory; L – low-control, H – high-

control. Lines indicate standard 

error of mean. 
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analysis (unpublished observations, Appendix A).  Increase of 
cognitive control demands within the memory domain increased the 
connectivity between the dlPFC and the caudate nucleus (head and 
body), cerebellum, posterior cingulate cortex and inferior temporal 
cortex. By contrast, the increase in the cognitive control demands in 
the attention domain increased the connectivity between the dlPFC 
and right BA 8, extending into the frontal eye field, dorsal anterior 
cingulate cortex/supplementary motor area, right inferior parietal 
lobule and cerebellum. These results of a divergent connectivity 
pattern depending on the task domain suggest that the general 
cognitive control function of the dlPFC is performed in the context 
of a domain-specific network. 

Studies II and III 
In daily life we often encounter retrieval situations where 

explicit retrieval is required, but it is not specified whether the 
episodic or semantic memory should be used: for example, if we want 
to greet someone by his/her name, the name may be embedded in 
our semantic memory (if the person is well-known to us) or exist as a 
feature in the episodic memory of meeting this person. The fact that 
we can solve such situations suggests that trial-to-trial control 
modulation can be not only quantitative (that is, increasing the usage 
of elementary control processes) but also qualitative (that is, switching 
between different memory systems). To find out how and when such 
trial-to-trial qualitative shift in retrieval processing takes place, a series 
of two experiments was conducted. The subjects encoded and 
retrieved initially unfamiliar face-name associations. A pre-
experimental training period encompassing several weeks, during 
which half of the items were encoded once and the other half six 
times, was employed to create two types of memory traces under 
controlled conditions. Specifically, the aim was to differentiate the 
retrieval processing of semantic and episodic memory traces in an 
ecologically valid situation where both would be equally likely. It was 
hypothesized that the difference in the memory trace structure would 
give rise to qualitatively differential retrieval activity. By comparing 
the retrieval of the different memory traces, it was expected that the 
retrieval of the once studied (1x) items would correspond to episodic 
retrieval and retrieval of six times studied (6x) items would 
correspond to semantic retrieval. The fMRI findings (Study II) show 
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that the retrieval processing is indeed flexible, with unpredictable 
trial-to-trial changes in the trace information resulting in distinct 
patterns of brain activation (Figure 4). The 1x items were associated 
with increased activation of the right vlPFC and anterior cingulate 
cortex, whereas the 6x items were associated with prominent 
recruitment of the posterior, material-specific cortex, and the 
engagement of the left anterior prefrontal cortex. This finding is in 
agreement with studies showing the association between the right-
lateralized prefrontal cortex and retrieval from episodic memory 
(Lepage et al., 2000), as well as the importance of the left prefrontal 
cortex in semantic retrieval (Cabeza & Nyberg, 2000). To test 
whether this shift was qualitative, instead of reflecting quantitative 
increase in retrieval effort during the retrieval of the 1x items, an 
additional analysis was conducted, operationalizing effort as the 
response time during a trial. The increased response time was 
associated with the activation of the left dlPFC. Thus, the qualitative 
trial-to-trial shifting suggests that without a pre-specified retrieval-
related task set (as is most commonly the case in daily life) the 
interaction between the episodic and semantic memory systems must 
depend on a decision occurring relatively early during the processing 
of the retrieval cue – which determines the choice of long-term 
memory system. To test the hypothesis of differentiation occurring 
early in the processing stream, the experiment was repeated, recording 
event-related potentials (ERPs) (Study III). Although the fMRI data 
showed differences agreeing with the episodic/semantic distinction, it 
is impossible to conclude when these differences emerged. In 
particular, the retrieval processing could be sequential, with the 
outcome of the semantic retrieval attempt influencing the probability 
of an episodic retrieval attempt. Alternatively, the differences 
resulting from the quality of the memory traces could occur early, 
allowing for differential retrieval processing to onset independently of 
each other.  

The results of the EEG study (Figure 5) showed that the 
differences between the correctly retrieved 1x and 6x items emerge 
early, already in the time window of 100-140 ms post-stimulus. This is 
before the suggested time course of semantic processing; speaking  
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Figure 4. Differential activations in 1× and 6× conditions. (a) Comparison of 1× > 6× 

condition, masked inclusively with 1× > baseline shows frontal activation with 

activated regions located in right prefrontal (MNI x, y, z coordinates = 36, 22, 0; Z = 

3.12), left anterior cingulate (−8, 16, 54; Z = 3.58), left superior frontal gyrus (−20, 4, 

50; Z = 2.97) and right occipital (16, −94, 22; Z = 3.58), (42, −76, −6; Z = 3.45) regions. 

(b) Comparison of 6× > 1×, masked inclusively with 6× > baseline shows predominantly 

posterior activation with peaks in fusiform gyrus (−54, −62, −18; Z = 3.13) and (−16, 

−70, −16; Z = 3.22), lateral occipital cortex (16, −54, −2; Z = 2.68); precuneus (−14, −78, 

50; Z = 3.88) and bilateral superior parietal lobule (24, −56, 62; Z = 3.61), (−30, −60, 68; 

Z = 2.9) but also in left prefrontal cortex (−42, 50, 18; Z = 3.48) and right superior 

frontal gyrus (28, −2, 70; Z = 3.64). In addition to cortical regions, activation was found 

in cerebellum (−28, −54, −36; Z = 3.60) and thalamus (−12, −6, 12; Z = 3.32) 
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against the idea that the onset of semantic and episodic processing is 
sequential. 

Following the early differences, the 6x items showed a trend 
for decreased negativity in a frontal component (FN400), a response 
associated with increased familiarity, that is, semantic processing. 
Also, the two types of items diverged from each other during the late 
right prefrontal component indexing post-retrieval processing during 
episodic retrieval. Collectively, the results show that the differential 
retrieval processing is initiated very early, already during the higher 
visual processing of the retrieval cue. 
 
 
 

 
 
Figure 5. Grand average waveforms corresponding to 1x hits (grey line), 1x 

misses (dashed grey line) and 6x hits (black line) at left and right frontal, central 

and parietal sites. Arrows point at the P1 (bottom), P600 (center), FN400 (top 

left) and late prefrontal component (top right). 
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Study IV 
In our daily life we often experience incidental episodic retrieval: 
without effort or intention a memory of some past experience enters 
our consciousness. In addition to being a common occurrence in daily 
life, this can be a disturbing symptom in some psychiatric conditions, 
such as post-traumatic stress disorder. Despite this, the phenomenon 
of incidental retrieval has received relatively little study. There is 
evidence that its initiation depends on retrieval cues (Berntsen, 1998), 
similarly as for intentional retrieval. However, how does the cue 
engage the episodic memory system when there is no top-down 
support from cognitive control processes? To study this, a paradigm 
was developed based on explicit/implicit memory tasks, with subjects 
encoding equivalent items and being presented equivalent retrieval 
cues under two conditions: explicit, or intentional retrieval; and a 
semantic categorization task, constituting the incidental retrieval 
condition (Figure 6). The stimulus modality was changed between the 
study and test phases of the experiment as a safeguard against 
responding based on non-recollective processes. During encoding, 
the subjects were presented sounds and pictures of common objects 
(for example a picture of a hammer). During retrieval, the cue was a 
visually presented word corresponding to the object (for example 
“hammer”). In the intentional condition, the subjects were asked to 
retrieve the encoded items corresponding to the retrieval cues. 
Additionally, the subjects were asked to perform semantic 
categorization on each of the cues. In the incidental condition, the 
subjects were asked to perform semantic categorization of the 
presented words, and additionally report in case a word happened to 
spontaneously elicit a memory of a previously encoded object. It was 
emphasized in the instructions that the subjects should entirely 
concentrate on retrieval during the intentional condition, and on 
categorization during the incidental condition, and attempt to 
maximise their performance. As the subjects were asked to explicitly 
report when they experienced an incidental retrieval of encoded items 
during the semantic categorization task, the incidental retrieval 
occasions could be modelled as events, and thereby the brain regions 
transiently active during incidental retrieval could be directly 
identified; an important step forward compared to the previous small 
amount of studies on this topic, where incidental retrieval has been 
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Figure 6. The experimental protocol consisted of an encoding phase, where the 

participants memorized 40 natural sounds and 40 color photographs of common, 

easily recognizable concrete objects; which was followed about 24 hours later by 

two separate retrieval tasks under intentional and incidental conditions. The 

imaging (fMRI or EEG) and behavioral data were collected only during the retrieval 

phase. Under intentional condition the participants were instructed to concentrate 

on retrieval, but additionally categorize each item. Under incidental condition they 

were instructed to concentrate on categorization, but report incidentally retrieved 

items. Intentional condition always occurred before incidental condition to 

minimize retrieval attempts in the latter condition. The participants responded with 

three fingers of their right hand in both tasks to indicate concrete (C) and abstract 

(A), as well as remember (R) responses. 

 
 operationalized as items which have undergone certain encoding 
operations (Hall, Gjedde, & Kupers, 2008; Rugg, Fletcher, Frith, 
Frackowiak, & Dolan, 1997). The main aim of this study was the 
characterization of the brain activity which was selectively associated 
with incidental retrieval: where and when does it occur, and how does 
it differ from the intentional retrieval condition? To answer this 
question, fMRI and EEG data were gathered (from different subject 
groups). 

The fMRI study (Figure 7) showed that incidental retrieval 
was selectively associated with signal reduction in a number of 
posterior brain regions, including left extrastriate, parahippocampal 
and posterior cingulate cortex. These signal reductions selectively 
predicted subsequent retrieval, as they were not present during the 
semantic categorization of the new items, nor during the 
categorization of the old items which the subjects failed to 
incidentally retrieve. By contrast, intentional retrieval was selectively 
associated with signal increase in right parietal and perirhinal cortex. 
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Both of the conditions converged in activity associated with retrieval 
success (precuneus, hippocampus) and post-retrieval processing 
(anterior cingulate cortex, vlPFC) Also, as expected, the intentional 
retrieval condition was associated with the right dlPFC activation for 
each of the items, regardless of the outcome of the trial. The ERP 
results (Figure 8) further confirm that the selective response 
predicting incidental retrieval happened early during stimulus 
processing (~170 ms after stimulus onset), and retrieval processing 
corresponding to success in incidental and intentional conditions 
converged thereafter (at 600 ms after stimulus onset). This shows that 
episodic retrieval can be initiated via two qualitatively different paths: 
the “low route”, or early oldness assessment performed in the visual 
association areas and medial temporal lobe outside of hippocampus 
without top-down support from the dlPFC; and the “high route”, 
consisting of weighing evidence for every stimulus as a potential 
retrieval cue under the direction of the dlPFC.  

Interesting additional results regarding the conditions under 
which incidental retrieval can occur were provided by an additional 
analysis (Appendix B) which concentrated on the brain activity 
selectively associated with failure to retrieve the encoded items. 
Whereas during intentional condition the failure to retrieve was 
associated to deactivation of restricted set of brain regions mainly in 
temporal and parietal lobe, in the incidental condition such failure was 
correlated with wide-spread deactivation, encompassing the brain 
regions which have been hypothesized to comprise the “default mode 
network” (Raichle et al., 2001). Deactivation of the default mode 
network is associated with inhibition of task-irrelevant processing and 
may have reflected increased effort spent on the main task (semantic 
categorization) which prevented the task-irrelevent episodic retrieval 
from occurring.   
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Figure 7. Intentional and incidental retrieval exhibited similarities in the 

hippocampus activation, but incidental retrieval elicited selective response in 

the posterior brain regions, including extrastriate cortex.  

(A) Intentionally and incidentally retrieved memories both involve the 

hippocampus, further confirming that the actual reactivation of a memory was 

mediated by similar processes independently of retrieval intentionality. The line 

graph illustrates the regional response amplitude from the posterior 

hippocampus (pooled across left and right hemisphere regions of interest). The 

crosshair projected on the T1-weighted anatomical template illustrates the 

approximate location of the region of interest in the hippocampus, selected 

individually for each participant.  

(B) The relative reduction of the BOLD signal intensity in the left extrastriate 

cortex (Brodmann area 19,  MNI x,y,z =-32, -68, 0;  Z=4.15; p<.0001, 

uncorrected) was selectively associated with incidental retrieval. Such reduction 

was not observed under the intentional condition. The bar graph, showing the 

percent of BOLD signal change compared to the mean of session highlights that 

under incidental condition the items which the subjects failed to retrieve (grey 

bar) did not significantly differ from the new concrete items in terms of the 

neural response. This indicates that the BOLD signal reduction constituted a 

signal triggering retrieval under incidental condition. Lines indicate the standard 

error of mean.  Note. INT – intentional retrieval; INCI – incidental retrieval; R – 

retrieved words; C – new concrete words; F – failed words. 
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Figure 8. ERP indices of intentional and incidental retrieval.  

(A) Incidentally retrieved items in the ERP data selectively increased the 

amplitude of the negative peak (N1) at ~170 ms after item onset at the left 

parieto-occipital recording site compared to new concrete items. Such effect 

was not found in the intentional condition, where the retrieved and new items 

did not differ in N1 amplitude. 

(B) Scatter plot showing the linear relationship between N1 latency during 

incidental retrieval and response time to incidentally retrieved items. No such 

correlation was seen during the other three conditions. 

(C ) The late left parietal ERP component (P600) previously found to index 

recollection was increased in both intentional and incidental conditions for 

retrieved compared to new concrete items.  Note. INT – intentional retrieval; 

INCI – incidental retrieval; R – retrieved words; C – new concrete words 
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General discussion 
The purpose of the work described in this thesis was to broaden the 
understanding of content-control interactions during episodic 
retrieval. When considering cognitive control, it is easy to think of it 
as a top-down mechanism. What also must be kept in mind is its 
reactive nature. In order to be efficient, control processes may not be 
overly prescriptive, but sensitive to feedback arising during ongoing 
processes.  

Three main questions were asked regarding cognitive control 
of episodic retrieval. How general are the cognitive control 
mechanisms supporting episodic retrieval? How is retrieval processing 
modulated depending on the nature of the to-be-retrieved 
information?  Finally, episodic retrieval is characterized as a control-
extensive procedure, yet sometimes can occur apparently effortlessly: 
what triggers it in such occasions? These questions will now be 
discussed in turn. 

 

 Generality of the cognitive control mechanisms 
The findings of common prefrontal activation during cognitively 
demanding tasks corroborate the emerging view that the dlPFC is a 
brain region which participates in a wide range of tasks, attesting to 
the abstract nature of the processes which it carries out. The findings 
from Study I help to understand the role of the dlPFC in 
implementing the cognitive control in different contexts. 

In a recent study, Marklund et al. (2007) found an increase in 
the dlPFC activation as a common response to increased cognitive 
load in both an episodic memory as well as a working memory task. 
They interpreted this to indicate that the dlPFC supports context 
processing. Indeed, this view is broad and abstract enough to explain 
why dlPFC recruitment is observed a wide variety of contexts. On the 
other hand, it can be argued that a source memory and a working 
memory task may share some function which is much more specific 
than context processing. Also, this conclusion may be criticized from 
a different perspective: when we assign a role to the dlPFC which 
seems to predict its activation in all situations where demands 
increase, can this role in any way be differentiated from general 
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arousal? Study I offers some further perspective on the issues of the 
role of the dlPFC in cognitive control. We found that the dlPFC was 
recruited during the increased demands for the regulation of two 
diverse cognitive tasks, but not during an emotion regulation task. 

First, I consider the common right-sided dlPFC recruitment 
during challenges which are, at surface, rather different: retrieving the 
context about the encoded word and directing auditory attention in 
space. In both of these cases, however, the increase in cognitive load 
consisted of similar manipulation: in the changed task context, the 
information provided by the prepotent stimulus (familiarity of the 
item/linguistic input from the right ear) became irrelevant to the 
response. Successful performance in such case is contingent upon the 
ability to maintain the task demands and use them in the selection of 
relevant information – an ability termed context processing (Braver et 
al., 1999). The common recruitment of the dlPFC is in agreement 
with its suggested role in supporting the context processing (Braver et 
al., 1999). Thus, the source/item task is an example of an interaction 
between the information provided by the episodic memory system 
and a common, domain-general cognitive control system which 
allows us to select between output from different memory systems 
depending on their compatibility with our current goals.  

The idea that cognitive control in diverse cognitive tasks has a 
shared neural underpinning suggests that a disruption of the dlPFC 
function would result in a specific combination of cognitive deficits, 
including decreased performance of a source memory task and a 
deficit in the ability to direct attention to the left ear input during the 
dichotic listening task. Support for this position comes from studies 
of schizophrenia patients. Several studies have shown a deficit in the 
functioning of the dlPFC in individuals with schizophrenia (Abi-
Dargham et al., 2002; Manoach et al., 2000; Meyer-Lindenberg et al., 
2005). Remarkably, selective deficits in source memory (Moritz, 
Woodward, & Ruff, 2003) as well as directing auditory attention 
selectively to linguistic input from the left, that is, ‘non-preferred’ ear 
(Hugdahl et al., 2003) have been shown in schizophrenia.  

Despite the evidence for supporting similar function in 
different situations, it is important to not consider the dlPFC in 
isolation. In order to carry out the cognitive control, prefrontal 
regions must interact with diverse regions in the brain; and the actual 
function of a cortical region may depend on the network into which it 
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is currently incorporated. The functional connectivity analysis, 
reported in Appendix A, brings out an interesting aspect. Marklund et 
al. (2007) found co-activation of the dlPFC, caudate nucleus and 
cerebellum, and interpreted these as the neural basis of domain-
general context processing. Indeed, a load-dependent increase was 
found in the functional connectivity between the dlPFC, caudate 
nucleus and cerebellum (also posterior cingulate and inferior temporal 
cortex). However, this finding was exclusive to the memory domain. 
Increasing cognitive load in the attention domain, by contrast, 
increased the functional connectivity between the dlPFC and regions 
considered important for directing spatial attention, that is,  right BA 
8, extending into the frontal eye field (Blanke et al., 2000), dorsal 
anterior cingulate cortex/supplementary motor area, right inferior 
parietal lobule and cerebellum. These regions have been shown to be 
central in spatial attention in tasks employing visual as well as auditory 
stimuli (Gitelman et al., 1999; Mayer, Harrington, Adair, & Lee, 
2006). Thus, the dlPFC constitutes a central node in domain-general 
cognitive control and exerts its influence by manipulating domain-
specific control networks. 

Taken together, the present findings have theoretical, but also 
clinical implications. On theoretical level they support the context 
processing view of the dlPFC function; but also highlight that the 
dlPFC carries out its function as a node in a task-specific network. I 
suggest that the increase in the demands on context processing 
increases the requirements on the dlPFC – but its exact modus operandi 
is different depending on the task requirements. Thus, Study I shows 
how a general cognitive control node – the dlPFC – is recruited to 
support the act of episodic retrieval against the distracting source of 
information when episodic retrieval is integral to meeting the 
currently relevant goal. Clinically, the understanding of a variety of 
cognitive deficits resulting from a confined lesion or condition 
selectively disrupting the functioning of the dlPFC may promote 
improved approaches to patient care and neuropsychological 
rehabilitation. 

I will now consider our failure to find the dlPFC engagement 
during the upregulation of emotion control. The high-control 
condition in the emotion regulation task led to an engagement of 
wide-spread brain areas, including an increase of BOLD signal in the 
ventromedial prefrontal cortex and a decrease in amygdala activation 
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– findings which are in agreement with previous data regarding the 
regulation of emotions – but there was no engagement of the dlPFC. 
This finding is relevant regarding the recently initiated debate 
regarding the role of the dlPFC in the control of emotions. There has 
been a long-standing view that the emotion regulation circuitry 
engages the ventral portions of the frontal lobe, especially the 
orbitofrontal cortex, but not the superior portions (Bechara et al., 
2000). The neuroimaging studies which have brought evidence of the 
dlPFC engagement during emotion regulation tasks point out that the 
dlPFC may implement cognitive control which can attain the goal of 
regulating the emotional response, evidenced by reduced amygdala 
activation during successful performance of such tasks (Hariri, 
Mattay, Tessitore, Fera, & Weinberger, 2003). However, as the dlPFC 
lacks direct connections with the amygdala, it has been suggested to 
exert its influence by modifying the more ventral regions of the 
prefrontal cortex – which, in turn, can directly inhibit the amygdala 
(Urry et al., 2006). Thus, this study joins other negative findings 
(Egner, Etkin, Gale, & Hirsch, 2008; Steinfurth, Wendt, & Hamm, 
2009) in suggesting that the engagement of the cognitive control 
mechanisms supported by the dlPFC is one possibility for achieving 
the goal of regulating our emotions, but that more ventral parts of the 
frontal lobe can respond to increased demands for emotion regulation 
without engaging the dlPFC. It remains to be studied whether the 
dlPFC-based emotion regulation could entirely substitute for the 
ventral circuitry in case the latter is impaired; also, whether there are 
individual differences in the ability to use either dorsal or ventral 
portions of the prefrontal cortex in emotion regulation. 

 

 Modulating the retrieval processing 
When an action is performed for the first time, it requires regulation 
by cognitive control processes to succeed. As this action is practiced 
more, it is performed with increased ease, until its performance can 
be considered automatic. Brain imaging studies show that such 
increase in automaticity is associated with decreased engagement of 
the prefrontal cortex (Frith, Friston, Liddle, & Frackowiak, 1991). As 
anyone who has ever studied for an exam can attest to, such shift 
from effortful to automatic happens not only with actions, but also 
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memories: as we repeatedly learn the same facts, we need less effort 
to retrieve them. 

The change which we experience with regard to our memories 
can be conceptualized in several ways. One way is to concentrate on 
the quantitative change, as the information can be retrieved with 
decreasing effort (Petersson, Sandblom, Gisselgard, & Ingvar, 2001). 
Another approach is to emphasize the qualitative aspect of the 
reorganization of representations that takes place as the information 
is repeatedly encoded. When something is experienced repeatedly, the 
usage of the corresponding information will rely on different neural 
pathways (Holdstock, Mayes, Isaac, Gong, & Roberts, 2002; 
Miyashita, 2004). This can be conceptualized as shifting from relying 
on our episodic memory system to using semantic memory system to 
access certain information (Moscovitch et al., 2005). Due to such 
qualitative change in the trace information and the corresponding 
change in the retrieval processing, a considerable source of variance is 
introduced to the retrieval challenges that we meet in daily life: within 
the same general class of objects, such as the names of the people 
whom we meet during a day, we can have qualitatively different 
memory traces corresponding to the individual objects.  

 As shown above, Study I indicated that when successful 
performance in an episodic memory task depends upon the 
consideration of the currently relevant context, domain-general 
control processes are recruited to support retrieval. In the memory 
task used in that study, each individual item had to be processed in 
agreement with unchanging task rules, and all of  the items had 
similar encoding history (that is, similar trace information). By 
contrast, Studies II and III concentrated on another aspect of the 
cognitive control of retrieval: adjustment of retrieval processes in 
response to dynamically changing retrieval requirements due to 
qualitatively different trace information.  

It may appear that in daily life the retrieval demands are very 
straightforward and unchanging: we need to provide answer to a 
particular question (that is, perform explicit retrieval). Yet, these 
demands are not specific in terms of which of the memory systems 
(that are capable of explicit output) we should use. It is, of course, 
good if we know the answer (that is, retrieve it from our semantic 
memory); if not, we may use our episodic memory or guess (which 
may also give good results – see for example Voss & Paller, 2009). As 
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reviewed above, semantic and episodic retrieval have independent 
retrieval processing. Thus, depending on the information that the 
relevant memory trace can provide, we need to tailor the cognitive 
control to support the retrieval. What determines which memory 
system we use when both are equally probable, but only one holds the 
answer?   

The question of two different retrieval processes interacting 
within a retrieval trial has so far mainly been studied in the context of 
the dual process theories of recognition memory. First suggested by 
Mandler (1980), this class of theories proposes that recognition tasks 
can be solved by a feeling of familiarity, or a more elaborate process 
of recollection. It appears (although there is no universally agreed-
upon theoretical position) that this distinction is comparable to the 
semantic/episodic distinction used here, with familiarity representing 
the operations of the semantic memory system and recollection 
resulting from the episodic memory system. The relationship between 
the two processes is not fully clear. It could be that they follow each 
other sequentially, with the failure of the semantic memory-
dependent process leading to resorting in the episodic retrieval-
dependent process (for example Atkinson, 1974). Alternatively, they 
may be both initiated independently, but converge at the response 
stage, with the response based on the successful system (for example 
Yonelinas, Kroll, Dobbins, Lazzara, & Knight, 1998). 

 The results from Studies II and III suggest that the selection 
between episodic and semantic retrieval is a dynamic process where 
the memory system which will become engaged is determined already 
during the early stages of stimulus processing. The results from the 
fMRI study showed that the recruitment of the left versus right 
prefrontal cortex during the retrieval trial followed the expected 
pattern, with the left prefrontal cortex associated with semantic and 
the right prefrontal cortex with episodic retrieval. In particular, the 
items which had been studied several times increased recruitment of 
the left prefrontal cortex (and material-specific posterior cortex), 
whereas items which had received only single-trial encoding evoked 
increased right vlPFC and anterior cingulate cortex activation. The 
ERP study showed that the divergence leading to successful retrieval 
of the once or six times encoded traces occurred already early, at 100-
140 ms after stimulus onset; with reduced amplitude during the 
processing of the well-studied (“semantic”) items. Thus, the studies 
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presented in this thesis show that our brain can appropriately engage 
in qualitatively different retrieval processing (in addition to 
quantitatively different amount of effort, mediated by the dlPFC) 
depending on the early assessment of the presented stimuli with 
regard to their long-term memory status.  

These studies highlight the importance of transient processing 
provided by the right vlPFC. Although earlier imaging studies 
implicated this area as a brain region which participates in upholding 
the tonically maintained retrieval mode (Lepage et al., 2000; Nyberg et 
al., 1995), more recent studies have highlighted its transient role 
during episodic retrieval tasks (Donaldson et al., 2001). Although the 
studies II and III do not address the exact role which this region 
fulfils, they highlight the fact that it is engaged in a dynamic, reactive 
fashion.  

 

 Incidental episodic retrieval 
The usage of information stored in our episodic memory can require 
considerable effort. A contrast to this is the phenomenon of 
incidental retrieval, whereby an episodic memory is retrieved without 
any prior intention to do so. Each of us experiences incidental 
retrieval countless times during an ordinary day. An often-used 
example comes from the works of the famous novelist Marcel Proust, 
who describes a character becoming immersed in a flow of remote 
episodic memories –  “a lost world” –  upon experiencing the familiar 
taste of a Madeleine cookie (Proust, 1922). In agreement with the 
synergistic ecphory model of episodic retrieval (Tulving, 1982), such 
act of remembering entails both the memory trace as well as the cue – 
the information extracted from the gustatory sensation. However, the 
control component is in such case ill-defined. Indeed, is there any 
control? The prevalent approach so far has been to consider such 
instances as automatic or “direct” (see for example Conway & 
Pleydell-Pearce, 2000). But even so, automatic processes also need to 
be understood in detail. The limited amount of attention dedicated to 
incidental episodic retrieval has allowed a curious situation in memory 
theories to arise: prefrontal control processes are considered integral 
to episodic retrieval – unless the retrieval is automatic. That 
corresponds to claiming that cognitive control governs all episodic 
retrieval instances, except the ones it does not govern. Clearly, this 
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issue needs to be resolved by examining incidental episodic retrieval 
in detail. 

The experiments reported in Study IV were undertaken with 
the aim to understand how a retrieval cue can trigger involuntary 
retrieval in the context of a non-retrieval task. The results show that it 
is indeed the information extracted from the retrieval cue which 
initiates the episodic retrieval. During semantic processing of the 
word stimuli, deactivation of areas associated with cross-modal 
binding predicted incidental retrieval. This means that when the 
subjects extracted the semantic information contained in a word 
stimulus, it was processed with more ease if it was “old” – that is, if 
the corresponding concept, in a different format, had been presented 
during encoding; and this oldness indicator led to retrieval of the 
corresponding episodic memory. This process was initiated already as 
early as 170 ms after the stimulus onset. As was predicted based on 
previous studies, the indices of episodic retrieval – the activation of 
posterior hippocampus as well as precuneus, also the amplitude of the 
P600 wave - did not differ between intentional and incidental 
retrieval. This shows that the neural processing which leads to 
conscious experience of an episodic memory does not depend on 
how the retrieval is initiated: via intentionally conducted search, or 
incidentally by a suitable retrieval cue. Moscovitch (2008) has 
proposed that hippocampus could be viewed as a “stupid” module 
which engages in episodic retrieval obligatorily, in case there is 
sufficient overlap between the retrieval cue and a memory trace. The 
results of Study IV support such view.  

As reviewed above, the vlPFC has been associated with 
inhibition and selective attention during retrieval. Study IV showed 
that the vlPFC (as well as the anterior cingulate cortex) was engaged 
to similar degree during incidental and intentional retrieval of 
memories. If the main purpose of the vlPFC is to inhibit competing 
mnemonic representations in favor of a particular representation, it is 
not entirely clear why the vlPFC engagement did not differ between 
incidental and intentional retrieval. After all, the two conditions could 
be expected to differ in their demands regarding the generation of the 
alternative representations as well as the selection demands in 
allowing them to enter consciousness. Of course, this finding does 
not, by itself, refute the inhibition/selection account; but points out 
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that it still needs to be clarified how the inhibition/selection and 
conscious experience of an episodic memory are related.  

Additional information to the understanding of incidental 
retrieval can be gathered by examining the neural response to the 
items which were encoded, but which the subjects failed to 
incidentally retrieve. It was shown that during the processing of these 
items, the selective posterior deactivation of the BOLD response, as 
well as the modulation of the early ERP component did not occur. 
There are two potential explanations for this. First, it is possible that 
the lack of deactivation reflected simply the fact that the semantic 
information which was extracted from the word cue did not overlap 
with the semantic information that was encoded as a part of the 
corresponding memory trace. For example, if a picture of a lyre is 
encoded as "harp", then seeing the word "lyre" would not overlap 
with the encoded material. Thus, no repetition suppression can occur 
when we process the semantic information corresponding to lyres 
(Henson & Rugg, 2003). This explanation allows for a very 
parsimonious model of explaining incidental retrieval, as it requires 
only two variables: the semantic feature of the encoded trace, and the 
semantic information extracted from the cue. The incidental episodic 
retrieval would, according to this hypothesis, depend entirely on the 
trace-cue interaction, with no reference to current neural state. In case 
the information which we extract from the stimulus that we currently 
process has a sufficient overlap with a part of an episodic memory 
trace, we necessarily re-experience this episodic memory (Moscovitch, 
1992).  

An alternative (or complementary) explanation includes a 
neural state variable. An additional analysis of the neural activity 
corresponding to the items which the subjects failed to incidentally 
retrieve (Appendix B) suggests that retrieval failure in the incidental 
condition is associated with a selective deactivation of the regions 
thought to participate in the default mode network (DMN, Raichle et 
al., 2001), also known as the task-negative network (Fox et al., 2005). 
This network, consisting of parietal and frontal ventromedial and 
parietal lateral areas, has repeatedly been found to be deactivated 
during demanding cognitive tasks. Selective activation during the 
items which the subjects failed to incidentally retrieve, although 
weaker, was found in the left striatum (caudate nucleus and putamen). 
This suggests another possibility, although speculative: the capability 
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for incidental retrieval to occur depends on the availability of 
processing resources. If the ongoing task demands more resources, 
any process which could result in distraction (such as the initial 
oldness assessment) is disrupted. This suggestion is in perfect 
agreement with the suggested purpose of DMN deactivation in order 
to refrain from task-irrelevant processing (Fox et al., 2005). Thus, 
incidental retrieval, just like intentional retrieval would depend on 
three components: the cue, the trace and the cognitive control – 
which defines the neural context in which the two first components 
interact. 

 
 
 

Conclusions  

A proposed model of content-control interactions 
during retrieval processing 
Both Studies III and IV in this thesis highlighted an early, posteriorly 
occurring process which predicted the engagement of episodic 
retrieval, either in an ambiguous or entirely unsupported context. As 
shown in the overview of temporal dynamics of retrieval processing 
above, they fall into an interesting, relatively little-explored time 
window which seems to be an important locus for understanding the 
onset of retrieval-related processes. This time window appears to 
represent the time during which the bottom-up and top-down 
influences converge and determine the mnemonic fate of the 
stimulus. Below I present a tentative model of content-control 
interactions during the retrieval processing. The scheme, illustrated in 
Figure 9, consists of separate modules, described below. 
           
             Context processing module 

This module provides the task context, including the 
stimulus-response mapping rules. The context processing 
module consists of the dlPFC and associated subcortical 
structures which form the fronto-striatal dopaminergic 
system. The purpose of this module is, as defined by Braver et 
al. (1999), maintaining the context, that is: representing task-
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relevant information in such a form that it can bias processing 
in the pathways responsible for task performance. 
Dopaminergic processing codes for the relevance of 
information maintained by this module. The context 
processing module operates as a proactive control system, 
determining how any incoming stimulus will be processed.  
 

             Oldness detection module 
This module performs the initial assessment of previous 
encounter with the processed information. The mechanism by 
which this module operates is repetition suppression, that is, 
attenuated (or refined) neural response to previously 
processed stimuli (Henson & Rugg, 2003). This mechanism is 
automatic and rapid. It occurs in temporo-occipital cortex; 
including parahippocampal gyrus. Although the mechanism 
itself is automatic, its engagement depends on the context 
processing module, as it determines the processing which the 
stimulus undergoes. Thus, the context processing module also 
determines which information is extracted from the stimulus 
and, subsequently, where the oldness detection can take place. 
However, it is conducted within 200 ms after stimulus onset; 
being thus completed prior to the purported familiarity 
component of recognition memory. This module provides 
bottom-up input to the ecphoric module, by contrast to the 
top-down input from the context processing module.  

 
           Ecphoric module 

This module entails the hippocampus and the cortical regions 
(including the medial parietal cortex) which subserve the 
actual creation of the mnemonic information during explicit 
retrieval from long-term memory. The ecphoric module 
resembles the dynamic model of hippocampus suggested by 
Hasselmo and colleagues (Hasselmo, Wyble, & Wallenstein, 
1996; see also Meeter, Murre, & Talamini, 2004), being able to 
shift between encoding and retrieval depending on inputs; it 
also has resemblance with the automatic hippocampus 
component suggested by Moscovitch (1992). The ecphoric 
module is under the control of the context processing 
module, receives information from the oldness detection 
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Figure 9. A schematic illustration of the proposed model of content-control 

interactions during retrieval processing. Red arrows indicate top-down 

influence from the context processing module. Blue arrows indicate the flow of 

information between the modules.  

 
 

module and passes information on to the post-retrieval 
processing module (see below). The ecphoric module is 
automatic, in the sense that if the inputs from different 
sources exceed a criterion value, it engages in the retrieval of 
the information corresponding to the input. 

 
             Post-retrieval processing module 

This module, corresponding to the vlPFC, is a mediator 
between the output from the ecphoric module and the 
context processing module. It selects a mnemonic 
representation for conscious processing by tagging it for its 
current relevance (Sakagami & Pan, 2007) as defined by the 
context processing module, so that it could be used for the 
updating of context information (a necessary step for acting 
upon the information provided by the representation). This 
step corresponds to the post-retrieval conversion as proposed 
by Tulving (1982). It provides a reactive control component, 
thus differing from the proactive context processing module.  
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A general remark must be made about the proposed model. 

The explanatory domain of this model is restricted to retrieval from 
episodic memory. Therefore, only an oldness detection module is 
considered, instead of also considering an additional or 
complementary novelty detection module, which would be of main 
importance to encoding into episodic memory. Although novelty 
detection can be seen as the ‘other side of the coin’ in relation to 
oldness detection (Habib, 2001), it appears to have very specific 
features, and considering it is beyond the scope of the work presented 
in this thesis. Were it included, it would be placed similarly to the 
oldness detection module: providing input into the ecphoric module. 

This model attempts to show how task context determines 
the relationship between the information provided by the outcome of 
the early oldness assessment and episodic retrieval. As defined above, 
the ecphoric module receives input from two sources: the oldness 
detection module and the context processing module. The context 
processing module defines, among other things, the episodic retrieval 
demands that a task has. A task can have very well-defined 
requirement to use retrieval from episodic memory (for example 
retrieving a specific feature of a specific episode), it can have a very 
well-defined requirement to refrain from using retrieval from episodic 
memory (when it is likely to occur, but would harm the performance 
of a concurrent task due to limited resources), or it can have relatively 
non-specific requirements as to episodic retrieval (for example the 
task requires explicit output from memory, without specifying 
memory system; or the task is non-demanding, thus incidentally 
occurring retrieval would not harm the performance). I refer to this 
dimension as the ambiguity of the task context in regard to episodic 
retrieval demands.  

When the task is ambiguous regarding the retrieval demands, 
it is expressed as decreasing influence of the context processing 
module and relatively increasing influence of the oldness detection 
module in determining the behavior of the ecphoric module. In this 
thesis, this situation was examined in Studies II-IV. In Study IV, the 
task context in the incidental retrieval condition prioritized the 
semantic categorization task, but made no demands on specifically 
inhibiting retrieval, should it occur. In Studies II and III, the task 
context required a response from long-term memory, without 
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specifying whether episodic or semantic memory should be 
employed. In both of these conditions, the information provided by 
the oldness detection module within the first 200 ms after the 
stimulus onset was integral to determining whether the episodic 
retrieval system engages or not.  

Reduced ambiguity is expressed as increasing influence of the 
context processing module, and a relatively reduced influence of the 
oldness detection module with regard to the ecphoric module. For 
example, the high-load task in episodic memory domain in Study I 
presented a highly context-dependent retrieval situation, resulting in 
the upregulation of the dlPFC and an increase in its connectivity with 
the striatum; both the structural substrates of the proposed context 
processing module. Similarly, in the intentional retrieval condition in 
Study IV the task context unambiguously required episodic retrieval 
and was associated with the increase of the dlPFC activation. Study 
IV further shows that only in the incidental, but not in the intentional 
condition did the early posterior processing affect the engagement of 
episodic retrieval. This shows the inverse relationship between the 
inputs from the context processing and oldness detection modules in 
determining whether episodic retrieval is initiated. Additionally, Study 
IV showed that a transient change in processing demands, expressed 
as an increase in striatal activation and a decrease in the activation of 
the so-called default mode network, prevented the occurrence of 
incidental retrieval from episodic memory and eliminated the early 
oldness detection. This additionally demonstrates how reduced 
ambiguity with regard to episodic retrieval (that is, actively refraining 
from it due to decreased resources) increases the importance of the 
context processing module and disrupts the oldness processing 
module from influencing episodic retrieval.  

In addition to determining whether the ecphoric module can 
receive input from the oldness detection module, the context 
processing module determines where in particular this input will 
originate from. The context processing module defines the entire 
processing pathway to which the incoming stimulus is subjected. 
Thus, it determines the information which is extracted from the 
stimulus, and thereby when the oldness detection module can detect 
the oldness of the stimulus. The observed BOLD response reduction 
in Study IV which was associated with incidental retrieval occurred in 
areas associated with conceptual processing and cross-modal binding. 
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As the stimuli had been encoded as pictures or sounds and the 
retrieval cues were words, conceptual processing was the earliest step 
where the oldness detection (eventually leading to incidental retrieval) 
could occur. If the perceptual features had been the same between 
encoding and retrieval, the oldness detection could have happened 
earlier. Had the task not required a semantic assessment (that is, 
conceptual processing) of the retrieval cues, the likelihood of oldness 
detection at conceptual level would have been reduced. 

It follows that this model allows predictions about the 
expected incidental episodic retrieval rate during a task which uses 
previously presented stimuli but does not require episodic retrieval. If 
the task does not entail processing where the oldness detection with 
respect to the original episode can occur, the likelihood of incidental 
episodic retrieval is low. If it does entail such processing, the nature 
of such processing (for example perceptual/conceptual) determines 
when the oldness detection is engaged. For example, if the overlap 
between the encoding situation and the retrieval situation is 
conceptual, then conceptual processing of the retrieval cues would 
result in increased incidental retrieval rate compared to perceptual 
processing of the retrieval cues. Regardless of the locus of overlap, 
increasing task difficulty would result in lower incidental retrieval rate 
–  as the cost of task-irrelevant incidental retrieval would be higher in 
terms of resources, the context processing module would attempt to 
eliminate it.  

The model suggests that the context processing module biases 
the ecphoric module, subjecting this to the task requirements. This 
suggests that in case the context processing module is deficient, this 
biasing would not work; which in turn would increase the importance 
of oldness detection module in biasing the ecphoric module. This 
suggestion could be tested by examining whether incidental episodic 
retrieval occurs more easily in individuals with compromised dlPFC 
functionality, for example schizophrenia patients. 
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Limitations and future directions 
 

A considerable limitation of the research presented in this thesis is the 
fact that the neural dynamics have been measured in an indirect 
fashion, by relating responses measured in different modalities in 
different subject groups. Further, the studies have modelled the 
neural activity in a non-causal way, allowing only inferences to be 
made of the engagement of different systems in different conditions, 
but not the directions of these influences. One future direction would 
be testing the predictions of the model using causal modelling 
approaches.  

In this thesis I suggest that the function of the vlPFC in 
episodic retrieval is reactive, that is, it engages in retrieval after the 
information has already been recovered, to provide post-retrieval 
processing. The studies reported here do not allow stating when the 
vlPFC input is crucial. Thus, the reactive, post-retrieval nature of the 
vlPFC engagement remains a conjecture. One way how this could be 
tested is by using transcranial magnetic stimulation to induce a 
temporary disruption of the vlPFC activity. By timing the magnetic 
stimulation precisely to interfere with the vlPFC activity after the 
onset of episodic retrieval (600 ms post-stimulus) the post-retrieval 
processing hypothesis could be tested.  

This thesis has concentrated entirely on the visual modality as 
influencing the engagement of the declarative memory system. The 
medial temporal lobe receives multimodal inputs, as well as input 
from the amygdala. Inputs from different modalities could influence 
the engagement of episodic retrieval in different ways. Further, 
different modalities could have different weights and their input could 
be combined in a variety of additive and non-additive ways. Thus, the 
picture presented here is incomplete with regards to the varieties of 
episodic retrieval that are experienced in daily life. It would be very 
enlightening to examine the engagement of episodic retrieval 
processing taking account its multimodal nature. 
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Concluding remarks 
In the Introduction, I note the importance of cognitive control in 
memory, characterizing its role as that of governing the access to 
stored information. However, the communication between cognitive 
control processes and the episodic memory system should not be 
considered unidirectional. This thesis attempted to characterize the 
interaction between cognitive control and the episodic memory system 
during retrieval of information. The studies presented above 
emphasize that the episodic memory system and cognitive control 
system can be considered as separate but interacting entities, and 
cognitive control processes are necessary to use episodic memory 
system to reach our goals. This highlights that our cognitive control 
processes need to be sufficiently flexible to ensure optimal usage of 
the vast resources of stored information. Utilizing our episodic 
memory system depends, as any other cognitive act, on constant 
dynamic interaction between top-down and bottom-up processes. 
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Appendix A  
 
This appendix presents a supplementary analysis (previously 
unpublished) of the data presented in Study I of the present thesis. 
We explored whether the increased demand for cognitive control was 
accompanied by increase in connectivity between the dlPFC and 
regions mediating domain-specific processing within each of the 
examined domains. The right dlPFC cluster found in the conjunction 
analysis between attention and memory was used as a seed region in 
the functional connectivity analysis, implemented as a test for 
psychophysiological interaction between the neural variable (voxel-to-
voxel correlation) and psychological variable (increased cognitive 
load). Thus, this analysis allows to identify regions which increase 
their correlation with the seed voxel due to increase in cognitive load. 
This analysis was performed separately within the attention and 
memory domains. The results are shown in Table 1 below. 
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Table 1. Brain regions increasing their covariance with the 
dlPFC due to increase in cognitive load within attention and 
memory domains. 
 
Domain Region BA x y z Z k 
Attention Middle frontal gyrus 8 50 22 44 3.97** 109 
 Medial frontal gyrus 6/24 -4 -12 56 3.93** 202 
 Superior frontal gyrus 8 0 22 56 3.43** 11 
 Inferior parietal lobule 40 42 -58 38 3.48** 14 
 Cerebellum  0 -62 -22 3.87** 29 
 Cerebellum  -32 -66 -44 3.37** 8 
 Cerebellum  32 -42 -34 3.29** 7 
Memory        
 Poster. cingulate gyrus 31 22 -50 26 2.92* 6 
 Middle temporal gyrus 20 -56 -40 -12 2.65* 5 
 Cerebellum  0 -38 -18 3.15* 35 
 Caudate, head  4 22 6 3.47* 39 
 Caudate, body  22 -22 26 2.99* 11 

 
Note. ** - p<.001 uncorrected; * - p<.005 uncorrected. BA – 
Brodmann area; x,y,z – peak voxel coordinates (mm) in MNI space; Z 
– z-score of the peak voxel; k – number of activated voxels. 
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Appendix B 
This appendix presents an additional analysis of the fMRI data 
gathered in Study IV. The aim of this analysis is to identify the brain 
regions which selectively increase and decrease their activation in 
correspondence to items which the subjects fail to retrieve. The 
analysis details conform to those reported in the manuscript 
presented as Study IV with the following modification: the analysis of 
variance was set up with three levels of the factor Stimulus 
(remembered, failed, new); and tested for a quadratic trend to identify 
brain regions where the activation varies as follows: remembered = 
new ≠ failed. Such analysis allowed to identify the brain regions 
which are selectively associated to failure to retrieve. The results from 
incidental condition are presented in Tables 1 and 2; the results from 
intentional condition are presented in Table 3.  
 
 
 
 
 
Table 1. Areas which showed selectively decreased activation during 
failure to incidentally retrieve compared to both remembered and 
new items. Results thresholded at p<.0001 uncorrected for multiple 
comparisons, extent threshold 20 voxels. 
 
Area BA x y z Z k 
Supramarginal 
gyrus 

40 
48 -54 34 6.49 1099 

Medial frontal 
gyrus 

 
9/10/32 4 42 16 6.03 805 

Precuneus 7 2 -68 48 5.51 917 
Angular gyrus 39 -50 -62 32 4.75 215 
Inferior frontal 
gyrus 

 
45 58 26 2 4.39 41 

Note. BA – Brodmann area; x,y,z – peak voxel coordinates (mm) in MNI 
space; Z – z-score of the peak voxel; k – number of activated voxels. 
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Table 2. Areas which showed selectively increased activation during 
failure to  incidentally retrieve compared to both remembered and 
new items. Results thresholded at p<.005 uncorrected for multiple 
comparisons, extent threshold 20 voxels. 
 
Area BA x y z Z k 
Putamen  30 8 14 4.12 79 
Caudate 
body 

 4 4 20 3.09 55 

Note. BA – Brodmann area; x,y,z – peak voxel coordinates (mm) in MNI 
space; Z – z-score of the peak voxel; k – number of activated voxels. 
 
 
 
 
 
 
 
Table 3. Areas which showed selectively decreased activation during 
failure to intentionally retrieve compared to both remembered and 
new items. Results thresholded at p<.0001 uncorrected for multiple 
comparisons, extent threshold 5 voxels. There were no areas which 
increased their activity during failure to intentionally retrieve. 
 
Area BA x y z Z k 
Fusiform gyrus 19/37 -38 -34 -6 4.53 55 
Middle temporal gyrus 21 -56 2 -34 4.15 6 
Medial frontal gyrus 10 -6 54 4 4.13 27 
Cerebellum  -2 -64 -6 4.12 55 
Inferior parietal lobule 40 -56 -32 26 4.04 18 
Cingulate gyrus 24 8 -22 38 3.93 5 

 
Note. BA – Brodmann area; x,y,z – peak voxel coordinates (mm) in MNI 
space; Z – z-score of the peak voxel; k – number of activated voxels. 
 


