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Preface 

 
Almost all our cognitive abilities require some form of memory. Without memory we would 

not be able to ride a bike, speak sensibly or even follow our own train of thoughts. Memory 

comes so natural that we usually not notice it until it fails. When we are young we have an 

amazing ability to acquire new skills and language, but when we grow old our memory is one 

of the first things to go. Understanding the mechanisms that support memory is important. 

Not only because it might help develop new methods for learning, but also because we have 

to work longer, far beyond when our cognition starts to decline. As we age, we also run 

greater risks to develop neurological disorders such as Alzheimer’s disease that are often first 

diagnosed by memory loss. Yet, we are only beginning to understand the mechanisms that 

support memory in the healthy brain.  

 

Within thesis, I investigate the cortical mechanisms that support episodic memory: the 

conscious recollection of events from our past. The main goal of this thesis is to increase 

understanding of different components of memory. The tools available for studying the 

human brain are rapidly improving. Although recent findings are sometimes puzzling and 

our understanding seems to follow after.  

 

One of the puzzling discoveries of the last decade is that the brain contains a default-mode 

network. This network has been visible since the early development of neuromaging tools, 

including functional magnetic resonance imaging (fMRI). Yet, because of a lack of 

understanding it was mostly ignored for the better part of a decade. This has recently 

changed due to indications that this network malfunctions in several pathological conditions, 

including Alzheimer.  Within this thesis I investigated the role of the brain’s default-mode 

network in episodic memory. I present data that shows a competition, within the core of the 

default-mode network, when learning and remembering occur at the same time. I will 

address to what extent mental effort, imagery and orienting of attention can account for 

signals within the default-mode network. Towards the end, I will address an important 

physiological concern regarding the manner by which we measure memory-related activity 

with fMRI. Every experiment increased my knowledge of the default-mode network and 

memory, yet almost every time the results were a surprise and my understanding seemed to 

follow after. 
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Without episodic memory we would not be able to remember where we parked our car, 

enjoy our memories of the weekend or report what we ate for lunch. Episodic memory 

enables us to consciously remember events from our past (3, 4). When we remember an 

event, we often retrieve contextual information including details of the original episode. 

Episodic memory is known to rely heavily on a specific brain region - the hippocampus - and 

damage to this cortical region and is surrounding areas can lead to severe amnesia (5, 6). Yet 

in the last two decades, new imaging techniques, e.g. functional magnetic resonance imaging 

(fMRI), have changed our views on the brain and the mechanisms that enable episodic 

memory (2, 7-13). The view of the hippocampus as the key structure for memory is being 

reframed by new knowledge of other cortical contributions to memory (12). In sum, recent 

findings indicate that remembering of past events can be separated into several components 

and that these are in turn supported by individual brain regions (12, 14-16).  

 

The current thesis focuses on several of these “new” cortical regions and their specific role in 

both learning and remembering. First, I will briefly introduce some terminology, explain 

some basics of neuroimaging techniques and provide some background information on 

recent findings of imaging studies of memory.  After this introduction, I will formulate four 

accounts that try to explain how these “new” cortical regions contribute to memory.  Finally, 

I will sketch the outline of this thesis and explain shortly how we tested the validity of these 

accounts.  

Learning and memory 

Without learning there is no memory. Accordingly, we can distinguish two primary memory 

phases: the phase in which memories are formed (memory encoding) and the phase in which 

memories are remembered (memory retrieval – see figure 1). Any test of memory is 

influenced by processes during both encoding, retrieval and what happened in between. For 

example, if you are tired when you are learning, it has consequences for how much you can 

remember. Also, the delay between encoding and retrieval has a major influence on memory 

performance. Ebbinghaus (1850-1909) already demonstrated the existence of forgetting 

curves – showing that most of what is forgotten is lost in the initial period after learning (18, 

19). Psychological tests of memory provide valuable insights in how one should study, why 

we forget and they have even suggested a functional role for sleep in the consolidation of 

memory (20-22). Nonetheless, on the basis of psychological memory tests alone it is virtually 

impossible to separate memory processes related to encoding or retrieval. 

 

  

Figure 1: illustration of 

different phases of 

episodic memory 
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Functional Magnetic Resonance Imaging 

Neuroimaging tools allow us to measure processes that occur within the brain when people 

are learning or remembering. This allows us to acquire relatively independent measures of 

brain activity during encoding and retrieval. These measures help separate the processes of 

encoding and retrieval, something virtually impossible by means of behavioral measures 

alone. The data in this thesis was acquired using functional magnetic resonance imaging 

(fMRI). FMRI is part of range of imaging tools, including positron emission tomography 

(PET), electroencephalograpy (EEG), magneto-encephalograpy (MEG) that contribute to our 

current understanding of human memory. It is important to realize that fMRI does not 

directly measure neuronal activity but tracks changes in brain metabolism. Local changes in 

metabolism are detected via the blood oxygen level dependency (BOLD) signal which has 

been shown to correlate with energy consumptions following neuronal activity (23, 24). It is 

believed that neuronal activity – measurable via local field potentials - causes veins and 

arteries to dilate in order to accommodate for the increasing demands in oxygen and glucose. 

This dilation results in a large 

surplus of oxygenated blood known 

as the hemodynamic response. 

Rather than the immediate 

consumption of oxygen, it is 

typically this surplus of blood that 

contributes most to the BOLD 

signal. Because fMRI tracks the 

hemodynamic response to 

neuronal activity, the changes in 

signal are delayed and relatively 

slow. Despite the indirect nature of 

the fMRI-signal, the technique has 

proven very successful in mapping 

specific cognitive processes to 

particular brain regions and 

detecting altered patterns of activity 

in various clinical populations (25). 

 

 

Using fMRI, activation levels must always be considered relative to activity in another 

condition. Absolute values of signal strength are difficult to interpret since the fMRI signal 

includes several artifacts, and not all of these are fully understood (26, 27). These artifacts are 

considered noise and originate from the scanner – by signal drift or fluctuations in the 

magnetic field - as well as from physiological factors such as head-motion, heart rate and 

respiration (see chapter 6). As a consequence, the fMRI signal strength varies across different 

parts of the brain and absolute signal values are almost meaningless (28). To overcome this 

problem, most fMRI experiments rely on a contrast between two conditions that should only 

differ with respect to cognitive processes. When contrasting two conditions, one condition is 

usually considered as baseline, while the other condition is of interest. For example within 

this thesis, we commonly contrast remembered versus forgotten items – and the difference 

Box 1:  List with important abbreviations 
 

AD   Alzheimer’s disease 

BOLD   blood oxygen level dependency  

DMN    default-mode network 

EEG   electroencephalography 

fMRI   functional magnetic resonance imaging 

ICA    independent component analysis 

IPC   inferior parietal cortex 

MEG   magnetco-encephalography 

mPFC  medial prefrontal cortex 

MTL   medial temporal lobe (includes HF) 

PET   positron emission tomography 

VLPFC  ventrolateral prefrontal cortex 

PMR   posterior midline region 
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between these conditions is expected to reflect memory processes  (29). Thus, although 

neuroimaging allows us to acquire independent signals from within the brain, the exact 

interpretation is dependent on the contrasted conditions of the experiment.  First, I will 

discuss some neuroimaging experiments that carefully controlled learning and identified 

processes related to memory encoding. 

Memory Encoding 

Memory encoding refers to the process that transforms incoming information into a lasting 

memory representation. Without successful encoding there is no memory to retrieve. 

Neuroimaging studies have identified brain regions that contribute to encoding including the 

hippocampus, ventrolateral prefrontal cortex (VLPFC) and sensory regions. Each of these 

regions shows a pattern known as the encoding success effect. (30-34). This pattern is defined 

by subsequent memory performance. Thus, information presented during encoding is scored 

as remembered (hits) or forgotten (misses), based on performance during a subsequent 

retrieval test (hence subsequent memory). Finally, hits and misses are contrasted directly to 

identify regions that contribute to encoding; a pattern referred to as the encoding success 

effect.  

 

The hippocampus, a region within the medial temporal lobe (MTL), is critical for episodic 

encoding and commonly shows an encoding success effect. Damage to the hippocampus can 

lead to anterograde amnesia, an inability to encode new episodes after the cortical insult (5). 

Neuroimaging studies and experimental animal work have provided convincing evidence 

that the hippocampus is vital for memory encoding (35-38). However, the main topic of this 

thesis is the contribution of the (neo)cortex to memory and how the cortex interacts with the 

hippocampus. Thus, given the extensive evidence of the critical role of the hippocampus in 

memory, hippocampal activity can be regarded as tentative marker for the involvement of 

episodic memory processes – rather than topic of investigation. Nonetheless, the exact role of 

the hippocampus in memory will be revisited in the discussion. 

 

The PFC often shows a stronger encoding success effect, than regions within the MTL (39, 40). 

Damage to the left VLPFC can impair learning of episodic information (41). The role of the 

left VLPFC is often explained in terms of the level of processing account (42). The level of 

processing account emphasizes that it is not the amount of attention that is important for 

successful encoding, but the level or depth of information processing (42). In other words, 

although simply repeating information has some beneficial effect on learning, it is even more 

effective to think about the meaning of what you are studying. However, recent fMRI studies 

have shown that the frontal encoding success effect can also be interpreted as activity for 

working-memory* (43, 44). Moreover, lesions encompassing the ventrolateral prefrontal 

cortex also lead to problems with encoding and working memory alike (45) However, by 

investigating encoding only, it is impossible to disentangle the contributions of working-

memory from levels of processing. Therefore, we also need to consider what occurs inside the 

brain when memories are retrieved. 

                                            
* Working memory refers the ability to remember and manipulate information over a brief period of time (in the 

order of seconds) and is distinct from episodic memory which operates on the timescale of hours, days and years. 
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Memory Retrieval 

The medial temporal lobe (MTL) - including the hippocampus - is not only critical for 

encoding but also for episodic memory retrieval (5). Memory retrieval refers to the process of 

recovering previously stored information from memory. Damage to the hippocampus 

frequently results in retrograde amnesia, a loss of memories from events that occurred before 

the cortical insult (46). Numerous neuroimaging studies have confirmed the importance of 

the MTL (47-52). These studies typically test recognition memory for recently studied 

information and measure how much information is remembered. In fMRI studies using 

retrieval tests, MTL regions typically show a pattern labeled the retrieval success effect (12). 

The retrieval success effect refers to more activity for recognition of previously studied 

information (hits) versus a failure to recognize information (misses), or compared to the 

rejection of unstudied/new information. Studies using various memory tests, - using free 

recall, autobiographical memory or mental imagery - have confirmed the importance of the 

MTL for remembering (53).  

 

Interestingly, the act of remembering consists of more than retrieval of stored memory traces 

(54). Remembering is a reconstructive process consisting of multiple components (54, 55). 

Thus, it is believed that the retrieval success effect arises from several cognitive processes, and 

individual brain regions contribute in a distinct manner (12, 56). In line with this component 

view of retrieval, imaging studies have found several brain regions - besides the MTL - that 

show a retrieval success effect, including the lateral prefrontal cortices (PFC) and sensory 

cortices. Combined with evidence from animal and clinical studies, the basic view has 

evolved that the MTL stores episodic memory traces, while the VLPFC and sensory regions 

facilitate the reinstatement (or re-experiencing) of past events (57-59). Yet, in recent years it 

has become evident that several other regions - including medial prefrontal cortex (mPFC), 

inferior parietal cortex (IPC) and posterior midline region (PMR) – are also involved in the 

retrieval of past events (12, 60). However, the role of these more recently indentified retrieval 

success regions is far less understood and the topic of this thesis. 

 

Only two decades ago, almost nobody would have implicated a region such as the inferior 

parietal cortex (IPC) in memory retrieval. Yet, due to consistent finding by means of 

neuroimaging, it is now believed that the mPFC, IPC and PMR also support important 

components of memory retrieval (Figure 2 - 12). Although theoretical and experimental 

emphasis still focuses on the MTL, the body of evidence from functional imaging studies is 

steadily growing and the need for incorporating the contributions of these recently identified 

retrieval success regions has become apparent. The role of the IPC was recently confirmed by 

evidence from lesion studies indicating that bilateral lesions to the parietal cortex can also 

lead to specific deficits in episodic memory (61, 62). The debate has shifted from the 

identification of regions by means of the retrieval success effect and now focuses on the 

specific role of these individual regions in episodic memory (12, 63, 64). Fueling the current 

debate further, it has also become clear that the mPFC, IPC and PMR are relatively active in 

the absence of an explicit cognitive task.  
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Until now, we have mainly considered differences between 

remembered and forgotten information during encoding and retrieval. Yet, the most 

commonly used comparison is not between two task conditions, but with “rest”. Either 

explicit, with periods that have no task, or implicit, with the idle intervals between trials (28). 

One of the most intriguing discoveries of the last decade of neuroscience is the so called 

“default-mode network”. The default-mode network is a set of brain regions that is 

metabolically active during rest and decreases its activity in contrast to virtually every 

cognitive task (65, 66). 

The default-mode hypothesis 

According to the default-mode hypothesis, a specific set of brain regions is linked to processes 

that normally occur during conscious rest (67). These regions together form the default-

mode network (DMN) and include the earlier mentioned medial prefrontal cortex (mPFC), 

inferior parietal cortex (IPC) and posterior midline region (PMR,  see figure 3). The default-

mode hypothesis emphasizes that these regions are active because rest is not a passive state of 

the brain. This view that rest is not a passive condition outdates the default-mode hypothesis. 

For instance, rest has been dubbed “Random Episodic Silent Thinking” (68). Also, people 

report that when they are waiting inside an fMRI scanner their mind wanders off (4, 28). 

Thus, the fact the brain is active during rest might simply reflect the natural tendency to 

always think about something, thus the brain never rest (e.g. 69). It is worth to note that the 

term “default-mode” was originally inspired by PET studies on brain metabolism, indicating 

that rest reflects a relatively energy-efficient state of the brain (28, 67). 

  
The default-mode hypothesis further states that during a cognitive task, resources are 

reallocated from default processes to task-related processes, giving rise to task-induced 

deactivations (67). Strong evidence for the idea of reallocations was provided by McKiernan 

et. al. (2003), who showed that more demanding conditions - requiring more resources - also 

Figure 2:  Regions associated with 

memory retrieval Results from 

meta-analysis (Wagner et al., 

2005). 
 

Images show the lateral and 

medial surface of the left 

hemisphere. Orange represents 

regions that show a retrieval 

success effect. 

Figure 3: default-mode network 

Results from meta-analysis 

(Buckner et .al. 2005).  
 

On the left, the lateral surface 

and on the right, the medial 

surface of the left hemisphere. 

Blue represents regions that show 

task-induced deactivations. 
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give rise to stronger deactivations. Finally, it is worth to note that although most experts 

nowadays agree that DMN activity during rest reflects cognitive processes, there is still 
considerable debate about the significance of physiological factors (70, 71). 

Box 2. Connectivity between the default-mode regions 

The default-mode regions are intimately connected via white matter bundles (1). The 

PMR is the most centrally located node and has direct connections to the hippocampus, 

mPFC and IPC (not shown in figure 4). The tracts connecting the PMR with the other 

DMN regions have been clearly demonstrated in the homologous regions of macaque 

monkeys (2) In human, these tracks can be partially traced using diffusion tensor imaging 

(DTI). However, when fibers cross, they are difficult to track and as a consequence it has 

proven difficult to trace the connections to more lateral regions, including the parietal 

cortex (1).  Less direct measures of “functional” connectivity have no trouble with crossing 

fibbers, since they estimate effective connectivity using the regional coherence in 

spontaneous BOLD signals. These functional connectivity studies have shown strong 

coherence between the DMN regions and the amount of coherence corresponds with 

measures of white matter connectivity (17) 

   

 

Figure 4: DMN connectivity, image from Grecius et al. (2009):  Top-part: Functional 

connectivity map of the DMN. PMR and mPFC and mPFC clusters are best appreciated on 

the sagittal image. Prominent bilateral hippocampal clusters are seen on the top-left coronal 

image. Bottom-part: Structural connectivity image by use of DTI tractograhpy of a singe 

subject. The PMR is shown in red, mPFC in yellow and hippocampus in green and pink. 

Blue tracks show white-matter connectivity between mPFC and PMR. Orange tracks show 

white-matter tracks between hippocampus and PMR. 
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Functional Connectivity 

Independent evidence for the existence of the default-mode network was provided by studies 

that investigate spontaneous fluctuation in fMRI signals in the absence of a cognitive task 

(72, 73). These studies indicate that spontaneous fluctuations in DMN regions are strongly -

coherent and include the hippocampal formation (72). Initially, studies predominantly used a 

region of interest analysis that correlates the signal of seed-regions with other regions of the 

brain (74, 75). More recently, model-free analyses, using independent component analysis 

(ICA), have provided further evidence for the coherence among DMN regions (76-78). The 

findings reported by functional connectivity studies are typically consistent with studies 

using anatomical connectivity (See Box 2 - 17). Interestingly, measures of functional 

connectivity are also sensitive to changes related to pathology, sometimes even before - or in 

absence of - measurable changes in anatomical connectivity (79-81). 

Clinical relevance  

Interest in the DMN has increased dramatically by indications that this network dysfunctions 

in various clinical populations (4, 82). Disruptions in DMN activity have been shown in 

patients with Alzheimer’s dementia (83-86), schizophrenia (87-89) and autism (90, 91). With 

respect to Alzheimer’s disease (AD) deviations in memory are particularly interesting, 

because memory decline is the major clinical hallmark of AD (92). Importantly, functional 

connectivity between DMN seems to change in the years before clinical symptoms become 

apparent (83), in particular, the connectivity between the hippocampus and posterior midline 

region. Also, in these years, elderly seem to lose control of DMN-activity and this seems to 

hinder memory encoding (93). Interestingly, both these changes have recently been linked to 

depositions of the protein amyloid-beta, the major pathological feature of AD (85, 94, 95). 

Yet, despite the clinical link between the DMN and memory (dys)function, there is 

considerable debate about the exact cognitive processes that are mediated by the DMN and 

how it contributes to memory (4, 63, 96).  A puzzling observation that remains at the heart of 

this debate is that the various DMN regions seem to act differently during encoding and 

retrieval. 

The encoding/retrieval flip 

Recently, it has become evident that several of the regions that show a reliable retrieval 

success effect - including the mPFC, PMR, IPC and hippocampus - overlap with the default-

mode network. However, the same regions show an opposite pattern of activity during 

encoding (Figure 4 - 97, 98).  A negative encoding success effect can be observed in several 

regions including the above mentioned PMR and IPC (31, 98). Thus, when contrasting 

remembered versus forgotten items, decreased activity† predicts successful episodic encoding. 

Although it seems evident that the negative encoding success effect relates to task-induced 

deactivations, at this time it is still unclear why. Furthermore, it is unclear how this pattern 

relates to the DMN - as defined by functional connectivity - and the extent of overlap 

between the regions showing a negative encoding success effect and a positive retrieval success 

effect is still being debated, especially for regions within the parietal cortex (14, 64, 97, 99) . 

                                            
† Based on difference in memory: more activity for subsequently forgotten than remembered items (misses > hits) 
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Despite the debate on the parietal cortex, it seems that this opposing pattern dominates PMR 

activity and this has now been confirmed by several independent studies (Figure 5 - 97, 100, 

101). For reference, we call this pattern the encoding/retrieval flip. 

 

 

 
 
The encoding/retrieval flip suggests that there are components to memory that contribute 

selectively - or even oppositely - during encoding and retrieval. Several animal models of 

memory actually assume that encoding and retrieval are conflicting states of the brain (102, 

103) and that encoding and retrieval processes do not co-exist in one brain structure at the 

same time.  It has also been suggested that hippocampal neurons continuously alternate 

between a state of encoding/input and retrieval/output. Thus, if we assume that both 

encoding deactivations and retrieval activations reflect important contributions to memory, 

then we would predict a competition within the PMR if both encoding and retrieval occur at 

the same time. Until now, the consequences of the encoding/retrieval flip have not been tested 

directly. Also, within this thesis, I address four accounts that attempt to explain the role of 

the DMN in memory: the reallocation account, the reconstruction account, the orienting of 

attention account and the respiratory account. Below I will introduce each account and then I 

will outline how we investigated their validity. 

The reallocation account 

The reallocation account claims that regions within the DMN network decrease activity when 

resources are reallocated away from default processes. Also, when a task becomes more 

difficult - requiring more resources – deactivations become stronger (104, 105). The 

reallocation account does not specify or make any claim on what these default-processes are. 

Thus, it does not commit to a cognitive function for the DMN or if activity changes reflect 

some metabolic property of the brain (67). Regardless of interpretation of increased DMN 

activity, we can construct an account that explains the encoding/retrieval flip pattern in terms 

of reallocation. When we assume that successful encoding requires more resources than 

failed encoding (98), while in contrast, we also assume that successful retrieval is relatively 

automatic and requires fewer resources that failed retrieval. These assumptions are supported 

by the observation that remembered events usually coincide with faster response times then 

novel or forgotten events (106), while slower response times during retrieval have also been 

related to more effortful decision processes (11, 107-109). Thus, here we propose a 

reallocation account of retrieval. Our account states that increased activity for successful 

retrieval can also be interpreted in terms of relative reallocation of resources. Thus, it follows 

that DMN activity during encoding and retrieval is not directly linked to memory but is 

merely a byproduct of reallocation. 

Figure 5. Encoding/Retrieval flip-

pattern in the posterior midline 

region (Daselaar et al 2009).  

Image shows a medial slice of the 

left hemisphere.  
 

Bars represent fMRI signal 

difference in memory during 

encoding (blue) and retrieval 

(orange). 
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The reconstruction account  

The reconstruction account claims that the DMN network is specifically involved in 

(re)constructive processes that aid memory (110). Leading theories of memory hold that 

episodic retrieval is much more than simple reactivation of memory traces, but state that 

retrieval is rather a reconstructive process (54). The reconstruction account also tries to 

reconcile a role of the hippocampus in spatial navigation with more general processes related 

to memory (111, 112). However, the main argument for a general process is the striking 

resemblance between networks activated by episodic retrieval, autobiographical memory, 

thinking about the future, theory of mind, mental imagery and spatial navigation (4, 53, 113-

115). According to the reconstruction account, activity within all these cases reflects the 

common process of scene (re)construction. In sum, memory retrieval is a component of 

mental scene construction and without these reconstructive processes it would not be 

possible to remember past events. Thus, following to the reconstruction account, the retrieval 

success effect in the DMN reflects increased (re)constructive processes that are essential for 

successful retrieval. Unfortunately, the reconstruction account does not easily address the role 

of the DMN in encoding. Rather it assigns a specific cognitive function to the DMN, and as 

such it might simply suggest that during memory encoding the DMN is not involved.  

The orienting of attention account  

The orienting of attention account claims that activity in the DMN network tracks the 

orientation of attention. Activity in the DMN decreases when attention is focused on to the 

external environment and   activity increases when attention is internally oriented (4, 28). As 

noted, the DMN shows deactivation during demanding tasks that almost always require 

focus on the external environment (104). However, the DMN is activated during a variety of 

conditions, for example, the earlier mentioned conditions including episodic retrieval, 

autobiographical memory, thinking about the future, theory of mind and mental imagery (4, 

53, 113-115). Critically all these conditions could benefit from internally-oriented attention 

(4, 12) Extrapolating these findings to memory, the orienting of attention account suggests 

that during successful retrieval, the DMN shows enhanced activity due to the orienting of 

attention on internal (mnemonic) representations. In contrast, during successful encoding, 

which is strongly dependent on externally oriented attention (116), the DMN should show 

deactivation. Thus, following the orienting of attention account, DMN activity related to 

encoding and retrieval may be a byproduct of the state of attention and not directly linked to 

memory. 

The respiratory account 

The respiratory account – proposed within this thesis - claims that fMRI signals in the core of 

the DMN network are strongly affected by respiratory fluctuations. Also, these fluctuations 

can coincide with cognitive differences and thus selectively influence an fMRI contrast. It is 

well known that changes in respiration affect the fMRI signal by altering the CO2 blood level, 

which dilates the arteries. In particular the PMR appears to be prone to respiratory artifacts, 

because this region is supplied by the largest blood vessels of the brain (70, 117). Resting-state 

fMRI studies have spent considerable attention removing the confounding effects of 

respiration (70, 117, 118). Surprisingly, even though respiration has been strongly linked to 
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arousal fluctuations and attention (119, 120), its relation with task-related PMR activity has 

been largely ignored. Currently, it remains unclear to what extent the encoding/retrieval flip 

pattern is confounded by respiratory changes in the fMRI signal. Here, we propose the 

respiratory account. Our account states that the encoding/retrieval flip pattern might not only 

arise as a consequence of neuronal activity, but also from a physiological response that 

changes the respiration cycle and predicts subsequent memory (e.g. arousal or emotions). 

Thesis outline 

In chapter 2, we investigated the 

hypothesis that the encoding 

/retrieval flip leads to a 

bottleneck in our memory 

system. We tested if  the negative 

encoding success effect and the 

positive retrieval success effect 

interact within the DMN, or 

could occur at the same time and 

if this has consequences for 

memory. We start by 

investigating both behavioral and 

neural consequences of the flip-

pattern by encouraging 

participants to encode and 

retrieve within a brief period of 

time. Under the assumption that 

both encoding deactivations and 

retrieval activations reflect 

processes beneficial to memory, 

we predict that encoding and retrieval will actually compete. Moreover, we predict that 

successful retrieval will hinder encoding - or vice versa - and that activity in the DMN will 

reflect this competition. The existence of a memory bottleneck would confirm the 

importance of both the negative encoding success effect and the positive retrieval success effect 

for memory. Also, it would suggest that one common process gives rise to both sides of the 

encoding/retrieval flip, although I will return to this question in the discussion. 

 

In chapter 3, we test the hypothesis that the retrieval success effect in DMN regions can be 

explained by the reallocation account (67). We tested this hypothesis by creating controlled 

differences in retrieval difficulty. We varied the time delay between the encoding and 

retrieval of words and thereby created a functional dissociation between retrieval success and 

retrieval difficulty. If we would find that DMN regions would show a pattern consistent with 

retrieval difficulty and not success, this would challenge the view the DMN contributes to 

memory retrieval in a positive manner and provide strong evidence in favor of the 

reallocation account (4, 12, 53). 

 

Box 3: Main Questions  
 

Chapter 2: Are both the negative encoding and positive 

retrieval success effects important for memory and do 

they compete within the PMR? 
 

Chapter 3: Can the retrieval success effect with the DMN 

be explained by reallocation of resources and task-

induced deactivations?  
 

Chapter 4: To what extent do mental imagery and 

memory retrieval recruit DMN regions and what are the 

regions that contribute to possible differences? 
 

Chapter 5: Can the orienting of attention, to internal 

versus external events, account for the encoding/retrieval 

flip pattern? 
 

Chapter 6: To what extent can the negative encoding 

effect in DMN regions, be accounted for by respiratory 

fluctuations and does the respiration cycle change 

dynamically during on-going cognitive processes? 
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In chapter 4, we attempt to isolate components of retrieval by testing the overlap and 

differences between mental imagery and memory retrieval. According to the reconstruction 

account, DMN regions should be activated during the successful construction of both 

retrieved and imagined events. However, although retrieval and imagery are highly similar in 

terms of underlying cognitive processes, imagery is still dependent on successful retrieval of 

information (55). Thus, it is be possible that effortful components of reconstruction are more 

heavily taxed during failed imagery attempts then when imagery is successful. For example, 

regions associated with working memory should maintain retrieved information for longer 

periods – and show more activity - when this information is not successfully integrated into a 

mental scene. Thus we predict that some regions previously associated with reconstruction 

(10), might be functionally dissociated when comparing imagery and retrieval. If we would 

find that the DMN regions are dissociated, then it would provide important insight into the 

cognitive role of individual DMN regions. 

 

In chapter 5, we explore the hypothesis that the orienting of attention account can explain the 

encoding/retrieval flip pattern (4, 105). We used mental imagery to test memory encoding for 

both internally generated and externally presented items. If we would find that the encoding 

success effect is dependent on orienting of attention, this would provide strong support for 

the corresponding account and would help to clarify the cognitive role of DMN regions. 

 

In chapter 6, we explore to what extent the negative encoding success effect in DMN regions 

can be explained by the respiration account.  We assess the influence of respiration on fast 

event-related fMRI signals, by combining a memory encoding paradigm with a breath-hold 

manipulation. We hypothesize that respiratory fluctuations also predict subsequent memory 

and, that by holding one’s breath, the negative encoding success effect within the DMN would 

disappear. If we would find that differences within DMN activity are reduced by a breath-

hold manipulation, this would provide strong evidence for the respiration account. Moreover, 

it would cast doubt over previous findings regarding the role of the DMN in various 

cognitive processes, when these findings might also arise from a comparison that is 

contaminated by differences in respiration. 
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Abstract 

Recent functional neuroimaging evidence suggests a bottleneck between learning new 

information and remembering old information. In two behavioral experiments and one 

functional MRI (fMRI) experiment, we tested the hypothesis that learning and remembering 

compete when both processes happen within a brief period of time. In the first behavioral 

experiment, participants intentionally remembered old words displayed in the foreground, 

while incidentally learning new scenes displayed in the background. In line with a memory 

competition, we found that remembering old information was associated with impaired 

learning of new information. We replicated this finding in a subsequent fMRI experiment, 

which showed that this behavioral effect was coupled with a suppression of learning related 

activity in visual and medial temporal areas. Moreover, the fMRI experiment provided 

evidence that left midventrolateral prefrontal cortex is involved in resolving the memory 

competition, possibly by facilitating rapid switching between learning and remembering. 

Critically, a follow-up behavioral experiment in which the background scenes were replaced 

with a visual target detection task provided indications that the competition between learning 

and remembering was not merely due to attention. This study not only provides novel insight 

into our capacity to learn and remember, but also clarifies the neural mechanisms underlying 

flexible behavior. 
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Introduction 

We continuously learn novel events (memory encoding) and remember past events (memory 

retrieval): this fact is so intricately woven into the fabric of our personal lives that we easily 

take it for granted. Yet, this central aspect of daily life is not as straightforward as it might 

seem. In fact, many influential models of memory assume that encoding and retrieval cannot 

occur at the same time and that the two processes compete for neural resources(59, 102, 121). 

In line with a competition, recent functional neuroimaging studies have indicated opposing 

levels of brain activity during encoding and retrieval. In particular, successful retrieval has 

been associated with increased activity in the posterior cingulate cortex (PCC) (12, 122), 

whereas successful encoding has been associated with decreased activity in this same region 

(31, 32, 98). Given that global activity in a particular brain region cannot increase and 

decrease at the same time, these findings lead to the hypothesis that successful learning and 

successful remembering may compete when both processes happen concurrently. In two 

behavioral experiments (our Behavioral Experiments 1 and 2) and one functional MRI 

(fMRI) experiment, we investigated the behavioral and neural consequences of this potential 

bottleneck in the human memory system. 

 

The study used a novel paradigm that forces encoding and retrieval to happen within a brief 

period of time. The experimental task involves three phases: a word encoding phase (Figure 

1A), a word retrieval/scene encoding phase (Figure 1B), and a scene retrieval phase (Figure 

1C). During the word encoding phase, participants rapidly encode words by processing their 

meaning (living/nonliving decisions). During the word retrieval/ scene encoding phase, 

participants perform an old/new word recognition task including words presented at the 

word encoding phase intermixed with new words. The key difference with a standard 

old/new word recognition test is that, while recognizing the words, participants incidentally 

encode spatial scenes that are presented in the background. To ensure simultaneous 

encoding and retrieval, participants are allowed maximally 1.2 s to make the recognition 

judgment, and both the word and scene disappear immediately after the recognition response 

is made. Subsequently, visually masking noise is presented to avoid further visual processing. 

Participants are instructed to perform the retrieval task as quickly as possible without making 

errors. During the scene retrieval phase, learning of the spatial scenes is measured with a 

standard old/new recognition test. 

 

When combined with fMRI, this paradigm allows the measurement of both the activity 

associated with successful retrieval (old words classified as old versus new) and with 

successful encoding (scenes subsequently remembered versus forgotten) during one single 

task. As a result, there are four relevant trial types: word retrieval is unsuccessful but scene 

encoding is successful (R–E+), both word recognition and scene encoding are unsuccessful 

(R–E–), both word recognition and scene encoding are successful (R+E+), and finally, word 

recognition is successful but scene encoding is unsuccessful (R+E–). Critically, the paradigm 

is not simply measuring potential interference between viewing scenes and making 

recognition responses, but specifically measures interference between successful encoding 

and successful retrieval. Potential interference from perceptual or motor processes is 
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subtracted out, because all trials have scenes in the background and all involve recognition 

responses.  

 

 

This study tested three predictions. First, as a behavioral consequence of the bottleneck, we 

predicted that learning and concurrent remembering should compete. In other words, we 

expected that encoding of the spatial scenes would be significantly poorer when simultaneous 

word retrieval was successful compared with when retrieval was unsuccessful. Second, based 

on fMRI studies of encoding and retrieval indicating opposing levels of brain activity in PCC 

(12, 31, 32, 98, 122). We predicted that activity in this region would show an interaction 

between memory phase (encoding versus retrieval) and outcome (successful versus 

unsuccessful). We predicted that PCC activity should be highest during successful retrieval 

and unsuccessful encoding, and lowest during unsuccessful retrieval and successful encoding. 

Finally, we predicted that the behavioral effect would be coupled with suppression of brain 

activity in areas associated with successful encoding of spatial scenes, including the visual 

cortex and medial temporal lobe (MTL). 

Methods 

Behavioral Experiment 1: word retrieval and scene encoding 

Participants 

Nine participants (5 female) recruited from the University of Amsterdam with a mean age of 

24 participated in this experiment. Participants were right-handed, native Dutch speakers 

with no history of neurological problems and were paid €20 for participation. Participants 

gave their informed consent and the study met all criteria for approval of the Academic 

Medical Center Medical Ethical Committee.  

Figure 1. Word Retrieval/Scene Encoding Task The experimental task involved three phases: word 

encoding, word retrieval/scene encoding, and scene retrieval. (A) During word encoding, participants 

studied words while making semantic (living/nonliving) decisions about the study items. (B) During word 

retrieval/scene encoding, participants performed an old/new word recognition task including words 

presented at word encoding as well as words that were not seen at study. Simultaneously, spatial scenes 

were presented in the background (C) During scene retrieval, encoding of these spatial scenes was tested 

during a picture recognition task. 
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Stimuli 

The stimulus material consisted of 600 words and 720 spatial scenes. All words were nouns 

selected from the MRC Psycholinguistic database (www.psy.uwa.eda.au/mrcdatabase/uwa_mrc.htm) 

and subsequently translated to Dutch.  Words ranged from 5 to 11 letters long and were of 

moderate frequency. The spatial scenes consisted of colorful bitmap images (color: 24-bit, 

resolution: 500x375, format: BMP). All images displayed out-or indoor scenes with a spatial 

environment and were selected from an internet database (www.flickr.com). Stimuli were 

generated by a Pentium PC and presented using E-Prime software (Psychology Tools Inc.).  

The images were displayed on a computer monitor, and responses were collected via a 

keyboard.  

Procedure 

The behavioral task was designed with the intention to be applied within the context of an 

fMRI study at a later stage (see fMRI Experiment.). The task consisted of three phases, a word 

encoding phase (Figure 1A), a word retrieval/scene encoding phase (Figure 1B), and a scene 

retrieval phase (Figure 1C).  

 

During the word encoding phase, participants studied 500 words presented on a computer 

screen while making semantic decisions about the study items (living vs. nonliving). 

Responses were made via a button-press with the right hand, and after responding the 

stimulus was instantly removed. The duration of each trial was 1200 ms., and the inter-trial-

interval (ITI) lasted 500 ms. Participants were uninformed that they would later be asked to 

recall the words during the subsequent word retrieval/scene encoding phase.   

 

During the word retrieval/scene encoding phase, participants performed a word recognition 

task. The words consisted of the items previously presented during the word encoding phase 

(old words), as well as words that were not seen at study (new words). The key difference 

with a standard old/new word recognition test is that, while recognizing the words, 

participants incidentally encoded spatial scenes presented in the background. Similar to the 

word encoding phase, participants were uninformed that they would later be asked to recall 

the spatial scenes. Specifically, participants were told that the images where merely there to 

provide a memory context, and that they should focus on the word recognition task. In order 

to ensure a stable contrast between words and scenes, the words were presented on top of a 

small rectangle overlaying the center of the background image. Participants performed 600 

recognition trials which lasted maximally 1200 ms. After responding, the stimuli were 

instantly removed and followed by a 100-ms. visual mask containing Gaussian noise to 

prevent additional visual processing. The ITI varied between 500-3200 ms. During the scene 

retrieval phase, memory for the spatial scenes encoded during the previous phase was tested 

with a scene recognition task. Presentation of the scenes was self-paced and occurred on the 

same computer as used in the word encoding phase.  

 

During both word and scene retrieval, we presented five times more “old” than “new” items 

(words 500 old vs. 100 new; scenes 600 old vs.120 new). There were two reasons for the high 

number of old relative to new items. First, initial pilot studies had indicated that concurrent 
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scene encoding was very difficult, resulting in a relatively low number of remembered scenes. 

Second, we were only interested in retrieval of old items and not in classification of new 

items.  Thus, we presented more old items to ensure a sufficient number of events for each of 

the four trial types in a future fMRI experiment. Because the skewed distribution of old and 

new items could potentially lead to a liberal response bias towards old items, we instructed 

participants to make an “old” response only when they were absolutely certain. Confirming 

that participants followed our instructions appropriately, a response bias analysis (C = -

0.5*(ZFA-rate + ZHIT-rate)) (123) showed that they used a generally conservative response 

criterion  (see Results). After finishing the experiment, we questioned the participants 

regarding their experience. None of the participants reported that they were aware of the 

high number of old items.  

fMRI Experiment: word retrieval and scene encoding 

Participants 

Fifteen additional participants (7 female) recruited from the University of Amsterdam with a 

mean age of 24 participated in this experiment. Again, all participants were right-handed, 

native Dutch speakers with no history of neurological problems and were paid €40 for 

participation. Four participants were excluded based on an extremely low memory 

performance (d-prime < 0.20 for spatial scenes).  

Stimuli 

The stimulus material consisted of the same 600 words and 720 spatial scenes as used in 

Behavioral Experiment.1.  The experimental task was also identical to the previous 

experiment (Figure 1A), except that the word retrieval/scene encoding phase was performed 

inside the MRI scanner.  

 “Localizer” task 

Preceding the word retrieval/scene encoding phase, participants were presented in the scanner 

with a “localizer” task involving passive viewing of either 80 spatial scenes, 80 four-letter 

words, or a fixation cross. These stimuli were distributed over twelve 30-sec blocks (scenes-

words-fixation- scenes-words-fixation- scenes-words-fixation- scenes-words-fixation). The 

“localizer” task was used to identify brain regions generally involved in scene vs. word 

processing and none of stimuli was used in any of the other experiments. 

Data acquisition 

Functional MRI images were collected with a Phillips Intera 3.0T using a standard SENSE 

head coil and a T2* sensitive gradient echo (EPI) sequence (96 x 96 matrix, TR 2000 ms., TE 

30 ms., FA 80º, 34 slices, 2.3 mm x 2.3 mm voxel size, 3-mm thick transverse slices). Stimuli 

were projected on a screen at the front-end of the scanner and observed via a mirror 

mounted on the head coil. The participant’s head was fixed by foam and they wore earplugs 

to reduce scanner noise. The behavioral responses were collected by an MR-compatible four-

button box (Lumitouchtm).  
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fMRI analysis 

Data from the “localizer” task and the fMRI Experiment were analyzed using SPM2 

(Statistical Parametric Mapping; http://www.fil.ion.ucl.ac.uk/spm). Time-series were 

corrected for differences in acquisition time and realigned. The images were spatially 

normalized using the Montreal Neurological Institute (MNI) EPI template included in SPM2 

and resliced to a resolution of 3x3x3 mm. Next, the functional images were spatially 

smoothed using an 8-mm isotropic Gaussian kernel.  

 

Block-related activity in the “localizer” task was assessed by convolving a boxcar function 

representing the onsets and offsets of each block with the hemodynamic response function 

(HRF). Trial-related activity in the fMRI Experiment was assessed by convolving a vector of 

the onset times of the stimuli with the HRF. The general linear model (GLM), as 

implemented in SPM2, was used to model the effects of interest as well as other confounding 

effects (scanner drift and motion). Statistical Parametrical Maps were identified for each 

participant by applying linear contrasts to the parameter estimates (beta weight) applying to 

the events of interest, resulting in a t-statistic for every voxel. Random effects analyses were 

employed to calculate group effects. 

 

For the fMRI Experiment, the events of interest were determined by the performance on the 

memory tasks. Hits and misses for words during the scan-phase were coded as retrieval hit 

(R+) and retrieval miss (R-), while hits and misses for the scenes, during the subsequent 

scene retrieval, were coded as encoding hits (E+) and encoding misses (E-). These responses 

combined resulted in a sufficient number of events (> 30 events) for each of the four relevant 

trial types in the fMRI analyses (mean: R-E+ = 31 ± 8; R-E- = 181 ± 21; R+E+ = 37 ± 8; R+E- 

= 222 ± 26). Although the fMRI analysis focused specifically on the old items, new items and 

omitted responses were also included in the GLM. 

Encoding-Retrieval Interaction in PCC 

In order to re-examine previous fMRI studies that consistently found increased activity in 

PCC for successful as compared to unsuccessful memory retrieval (12, 122), we calculated the 

difference in brain activity between R+E- and R-E- trials (P < 0.001, uncorrected). Since no 

encoding occurred, and only the level of retrieval varied, the resulting difference between 

these trials can only be attributed to retrieval success.   

To examine whether the PCC would show an interaction between phase and outcome, we 

recombined the PCC activity for the four different trial types to reflect unsuccessful encoding 

(E- = [R-E- & R+E-]), successful encoding (E+ = [R-E+ & R+E+]), unsuccessful retrieval (R- 

= [R-E- & R-E+]) and successful retrieval (R+ = [R+E- & R+E+]). Next, we conducted a stage 

(encoding/retrieval) x outcome (successful/unsuccessful) repeated measures ANOVA based 

on mean cluster activity in PCC. 

Suppression of successful encoding activity 

In order to test the prediction that successful retrieval leads to suppression of successful 

encoding activity, we employed a three-step approach: In the first step, we used the 

“localizer” task to identify regions related to visual processing of scenes vs. those involved in 
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the general processing of words (scenes > words at p < 0.001, uncorrected). In step two, we 

looked – within these areas – for regions that were reliably associated with encoding success, 

defined as R-E+ > R-E- (p < 0.001, uncorrected). Similar to the previous retrieval analysis, no 

retrieval occurred for these trials and only the level of encoding varied. Thus, the resulting 

difference between these trials can only be attributed to encoding success. In the final step, 

we tested whether the mean encoding success activity of the remaining regions was 

significantly reduced when successful retrieval happened concurrently.  

Behavioral Experiment 2: word retrieval and visual attention 

Participants 

Twelve additional participants (8 female) recruited from the University of Amsterdam, with a 

mean age of 25, participated in this experiment. Similar to the previous two experiments, all 

participants were right-handed, native Dutch speaker, reported no history of neurological 

problems, and were paid (€10) for participation. 

Procedures 

The settings for the word recognition task were identical to the previous experiments, except 

that the scene encoding task was replaced by a visual attention task, and accordingly, there 

also was no subsequent scene recognition task (see supplementary Figure 1). During the 

word retrieval phase, participants simultaneously performed a visual attention task.  On half 

of the retrieval trials, a small target dot (0.5°) appeared (for 13 ms.) at a random location 9° 

from the centre of the screen, sometime between 50-300 ms after word onset. Similar to the 

previous experiments, participants where told to focus on the recognition task, and to make 

their recognition responses as fast and accurately as possible. After the recognition response, 

participants were asked to indicate, without time limit, whether they had just perceived a dot 

or not. Similar to the previous experiments, we instructed the participants to only respond 

positive (old or target detected) when they were certain. Response bias-measures (123) 

confirmed that  participants followed our instructions (see Results). 

Results 

Behavioral Experiment 1: word retrieval and scene encoding 

Overall memory performance as defined by d-prime was 0.95 ± 0.13 for the word recognition 

and 0.70 ± 0.07 for recognition of the spatial scenes. In addition, the response bias criterion C 

(123) indicated that participants maintained a generally conservative response criterion 

during both word (C = 0.52 ± 0.08; t = 6.94, P = 0.0001) and scene (C = 1.16 ± 0.08; t = 15.3, 

P < 0.0001) retrieval. This positive response bias was conform our specific instructions to 

respond only “old” when certain. Response times (RTs) during the word recognition task 

indicated that encoding and retrieval happened (almost) concurrently, since the word 

recognition responses were very fast (R-E+ = 871 ± 13 ms.; R-E- = 862 ± 11 ms.; R+E+ = 878 

± 13 ms.; R+E- = 872 ± 7 ms.). Importantly, none of the four trial types showed any 

significant difference in RT (all P > 0.10). Thus, exposure time to the spatial scenes was 
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identical for all conditions and cannot account for the difference in subsequent memory 

performance.  

Competition between scene encoding and word retrieval. 

To asses our prediction regarding a competition between successful encoding and retrieval, 

we calculated separate d-primes for the spatial scenes depending on whether the 

accompanying word was correctly recognized (R+) or not (R–). Since new scenes were never 

coupled with words and, therefore, could not be assigned to either of the two conditions, we 

assumed a constant false-alarm rate for new scenes for both conditions. Confirming our 

prediction, the d-prime for scene recognition was significantly lower (t = 4.08, p = 0.0035) 

when a word was simultaneously recognized (0.63 ± 0.07), as compared to when a word was 

forgotten (0.76 ±  0.07; Figure 2A). Importantly, the similar RTs across conditions indicate 

that the competition between encoding and retrieval is not simply due to general effort or 

interference from perceptual or motor processes.  

 

fMRI Experiment: word retrieval and scene encoding 

Behavior: 

 Overall memory performance as defined by d-prime was 0.90 ± 0.10 for the word 

recognition and 0.60 ± 0.08 for recognition of the spatial scenes. Again, participants used a 

conservative response criterion as indicated by the response bias criterion C for word 

retrieval (C = 0.59 ± 0.17; t = 3.41, p =0.0067) and for scene retrieval (C=1.40 ± 0.14; t = 9.78, 

p < 0.0001). Replicating our finding in Behavioral Experiment 1, we again found that the d-

prime for scene recognition was significantly lower (t=2.34, p=0.041) when a word was 

simultaneously recognized (0.46 ± 0.08), compared with when a word was forgotten (0.60 ± 

0.08; Figure 2B). Also comparable to Behavioral Experiment 1, RTs during the word 

recognition task were similar (mean RTs: R–E+ = 861 ± 19 ms; R–E– = 848 ± 15 ms; R+E+ = 

859 ± 26 ms; R+E– = 850 ± 19 ms). Again, none of the four trial types showed any significant 

difference in RT (all p > 0.10). Thus again, exposure times for the spatial scenes were 

identical and cannot account for the difference in memory performance or for any of the 

fMRI results. 

Figure 2. Behavioral Results and fMRI Correlation Analysis Bars showing d-primes for scene encoding or target 

detection during concurrent recognition hits (R+) and misses (R–) for Behavioral Experiment 1 (A), fMRI 

Experiment (B), and Behavioral Experiment 2 (C). Note: * p-value = 0.05 and ** p-value,= 0.005, and the error bars 

represent SEM. (D) Scatterplot showing the correlation between activity in left mid-VLPFC and the encoding 

suppression in the visual cortex/MTL. Each point represents the data from a single participant. 
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Encoding-Retrieval Interaction in Posterior Cingulate Cortex  

In line with previous fMRI studies, we predicted that PCC would show activity selectively 

associated with successful retrieval. Confirming this prediction, the PCC (Montreal 

Neurological Institute (MNI) coordinates [x,y,z]  = -6, -27, 21) showed significantly greater 

activity (t = 4.39) during R+E– than R–E– trials. We also predicted that PCC activity would 

show an interaction between outcome (successful versus unsuccessful) and stage (encoding 

versus retrieval). To test this prediction, we combined the PCC activity for the four different 

trial types according to stage and outcome. Thus, we coded unsuccessful encoding as E– = 

[R–E– and R+E–], successful encoding as E+ = [R–E+ and R+E+], unsuccessful retrieval as 

R– = [R–E– and R–E+], and finally, successful retrieval as R+ = [R+E– and R+E+]. Next, we 

conducted a stage (encoding/retrieval) x outcome (successful/unsuccessful) repeated 

measures analysis of variance (ANOVA). As illustrated in Figure 3A, the results support a 

competition between encoding and retrieval processes in PCC by indicating a significant 

interaction between outcome and phase (F,1,10) = 12.2, p = 0.0058) reflecting the highest 

level of PCC activity during successful retrieval and unsuccessful encoding, and the lowest 

level of activity during unsuccessful retrieval and successful encoding.  

 

 

Figure 3. fMRI Results For the purpose of illustration, all activations are shown at p < 0.005. 

(A) Interaction between stage (E/R) and outcome (+/-) in PCC, E– =(R–E– and R+E–), E+ 

=R–E + and R+E+), R– = (R–E– and R–E+), R+ = (R+E– and R+E+). (B) A three-step 

analysis indicated encoding suppression in the visual cortex and medial temporal lobe during 

concurrent retrieval. In step 1, a ‘‘localizer’’ task identified regions related to scene processing. 

In step 2, we defined encoding success areas within the remaining regions using the contrast 

R–E+ > R–E–. In step 3, we tested whether the mean encoding success activity of the 

remaining regions was reduced when successful retrieval happened concurrently. (C) Greater 

activity in left mid-VLPFC during concurrent, as compared to separate, successful encoding 

and retrieval (R+E+ > R+E– and R–E+). Bar graphs indicate the mean of all activated voxels 

(p < 0.001, uncorrected) 
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Suppression of successful encoding activity 

Suppression of successful encoding activity. Regarding the neural consequences of concurrent 

encoding and retrieval, we predicted that successful retrieval should by accompanied by a 

suppression of successful encoding activity. To test this prediction, we first identified the 

regions that showed greater activity during scenes that were subsequently remembered (R–

E+) than scenes subsequently forgotten (R–E–), and that were also associated with perceptual 

scene processing as indicated by a ‘‘localizer’’ task (see Materials and Methods). In line with 

previous studies of scene encoding (124-127), these regions included the visual cortex and 

areas within MTL (maxima in MNI [x,y,z]: left visual cortex = -30, -57, -9; t = 7.84; right 

visual cortex = 36, -72, 15; t = 9.06; left posterior parahippocampal cortex = -33, -37, -15; t = 

6.48; right posterior parahippocampal cortex = 30, -33, -21; t = 7.55; Figure 3B). 

Subsequently, we tested whether the overall activity of all the significant voxels was reduced 

when successful retrieval happened concurrently. The results confirmed our prediction; areas 

associated with successful encoding showed a significant suppression of activity when 

retrieval succeeded simultaneously (R+E+, R–E+: t = 2.97, p = 0.014, Figure 3B). We also 

addressed a possible concern that the encoding success regions we selected might be biased 

toward R–E+ trials, because they were identified based on the contrast between R–E+ and R–

E– trials. Yet, when we performed the same analysis based on an unbiased encoding success 

contrast including all trials (R+E+ and R–E+ > R+E– and R–E– at p < 0.001, uncorrected), 

we found a similar difference (R+E+ < R–E+: t = 2.45, p = 0.034).   

A role for the left mid–ventrolateral PFC in resolving the memory competition  

Yet, despite the apparent competition between encoding and retrieval, on several trials, 

people were actually able to both remember the word and learn the spatial scene. Thus, we 

proceeded to investigate whether there might be a specific brain region that plays a role in 

performing encoding and retrieval at the same time. Following previous findings, a possible 

candidate would be the prefrontal cortex, since this region has been associated with cognitive 

control(128), and top-down attentional selection of visual information (129). To investigate 

this prediction, we compared trials in which both encoding and retrieval were successful to 

trials in which only one of these processes was successful (R+E+ > [R+E- & R-E+] at p < 

0.001, uncorrected). As shown in Figure 3C, we found a region within the left mid-

ventrolateral prefrontal cortex (mid-VLPFC ; BA 45), which was activated during R+E+ trials 

(MNI [x,y,z] =   -45, 27, 15; t = 4.93), but not during R+E- and R-E+ trials. 

 

Given the involvement of left mid-VLPFC in simultaneous encoding and retrieval (R+E+ 

trials), we next investigated whether this region might help to resolve the encoding/ retrieval 

competition. To test this idea, we calculated the correlation between concurrent 

encoding/retrieval activity (R+E+ >. [R+E– and R–E+]) in left mid-VLPFC and the amount 

of encoding suppression (R–E+ > R+E+) in the visual cortex/MTL. The results revealed a 

significant negative correlation (Figure 2D, R=-0.69, p = 0.019), indicating that more activity 

in the left mid-VLPFC is accompanied with a smaller difference in visual cortex/MTL activity 

between R–E+ and R+E+ trials. Thus, the fact that left mid-VLPFC is exclusively active for 

R+E+ trials and, at the same time, is associated with less encoding suppression, indicates that 

this region plays an active role in resolving the competition between learning and 

remembering. 
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Behavioral Experiment 2: word retrieval and visual attention 

We also addressed a critical concern: despite the fact that the response times for the four 

critical trial types did not differ, one could still argue that retrieval success results in greater 

attentional capture than retrieval failure, which in turn could account for the observed 

reduction in scene encoding. To address this important issue, we conducted a follow-up 

behavioral experiment in which we replaced the scene encoding with a visual attention task 

(see Methods and Figure 4).  

 

 

Memory for the words as defined by d-prime (1.01 ± 0.08) was similar to the previous 

experiments (Behavioral Experiment 1: t = 0.33, p = 0.75; fMRI Experiment: t = 0.92, p = 

0.38). D-prime was also used as a measure of visual attention, as assessed by the detection of a 

small target concurrent with word recognition. Overall, all participants showed clear 

evidence of successful target detection (d-prime = 2.07 = 0.63), and again, they used a 

conservative response criterion for both word retrieval (C=0.31 ± 0.11; t=2.78, p= 0.019) and 

visual attention (C = 1.09 ± 0.13; t = 8.23, p < 0.0001). Mean reaction times for the four 

critical trial types, which in this case combined word recognition (hits = R+/ misses = R–) 

with target detection (hits = T+ / misses = T–) were 892  ± 17 ms for R–T+, 872  ± 20 ms for 

R–T–, 838  ± 18 ms for R+T+, and 843  ± 15 ms for R+T–. Although a two sample t-test 

indicated that these reaction times were comparable to the ones in Behavioral Experiment 1 

and the fMRI Experiment (all p > 0.10), a within-group paired t-test indicated a significant 

difference between R–T+ and R+T+ (t = 2.36, p = 0.037), and a trend between R–T+ and 

R+T– (t = 2.13, p = 0.056). Although we did not find this in the first two experiments, slower 

reaction times for misses than for hits are a common finding in memory studies, and are 

taken to reflect a more demanding and extended search process (40). 

 

Importantly, in order to assess whether the competition between encoding and retrieval was 

merely a result of attentional differences between retrieval hits and misses, we calculated the 

proportion of successfully detected targets depending on whether or not the accompanying 

word was correctly recognized.  In this case, the results actually showed the opposite effect as 

Figure 4.  Visual Attention Task: The task involved two phases: a word encoding phase and a word 

retrieval/visual attention phase. During the word encoding phase (A), participants studied words while 

making semantic (living/nonliving) decisions about the study items. During word retrieval/visual 

attention phase (B), participants performed an old/new word recognition task including old words 

presented at word encoding as well as new words that were not seen at study. On half of the trials, a 

small dot was flashed in the background during word recognition. After every recognition response, a 

second response was required to indicate visual detection of the target dot. 
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compared to concurrent word retrieval and scene encoding: the separate d-primes for target 

detection were significantly higher (t = 2.67, P = 0.022) when a word was simultaneously 

remembered (2.18 ± 0.15), as compared to when a word was forgotten (1.99 ± 0.16; see 

Figure 2C). Thus, these findings indicate that retrieval misses actually capture more visual 

attention than hits, and consequently, that an attentional explanation cannot easily account 

for the competition between learning and remembering observed in Behavioral Experiment 1 

and the fMRI Experiment. 

Discussion 

Using a novel paradigm that forces encoding and retrieval to happen within a brief period of 

time (Figure 1), we provide evidence for a competition within our memory system between 

learning and remembering. We also provide evidence indicating a possible role for mid-

VLPFC in resolving the memory competition. Finally, we show that the memory competition 

cannot merely be explained by an attentional account.  

 

The rationale for this study was derived from recent observations indicating opposite levels 

of activity in PCC during successful encoding and retrieval (12, 31, 32, 98, 122). We 

confirmed these cross-experiment observations by showing an interaction between 

encoding- and retrieval-related activity in the PCC. As shown in Figure 3A, this interaction 

reflected less PCC activity for E+ than E– trials, but more activity for R+ than R– trials. To 

our knowledge, this is the first study to demonstrate the opposite involvement of PCC in 

encoding and retrieval within the same experiment, subjects, and trials. 

 

We also report a new memory effect: learning (successful encoding) and remembering 

(successful retrieval) compete when both processes happen within a brief period of time 

(Figure 2A). We replicated this finding in a subsequent fMRI study (Figure 2B), which also 

revealed a neural correlate of the behavioral memory effect: successful encoding activity in 

visual cortex and medial temporal lobe was suppressed when concurrent retrieval was 

successful (Figure 3B). Further study of the specific circumstances under which this memory 

effect takes place is still required. For instance, it remains unclear what the temporal order 

(does retrieval affect encoding or vice versa?) and time window of successful encoding and 

retrieval processes should be, for the interference to occur. 

 

Interestingly, there is other behavioral evidence indicating that retrieval can induce forgetting 

(20, 130, 131). Learned information tends to be forgotten when it is semantically related to 

other information that is rehearsed by means of repeated retrieval. Such retrieval-induced 

forgetting is thought to be the result of inhibitory control processes that reduce semantic 

interference by suppressing competing memory traces (20, 130, 131). Yet, in retrieval-

induced forgetting paradigms, the negative effect of retrieval involves old memories that have 

already been stored, whereas here, it involves the concurrent encoding of novel information. 

Thus, in general, the current findings and those obtained in retrieval-induced forgetting 

paradigms cannot be easily compared. 
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Despite the encoding/retrieval competition, on several trials, all participants were actually 

able to both remember and learn. Follow-up fMRI analyses showed that these trials were 

accompanied by selective activity in the left mid-VLPFC (Figure 3C). A subsequent 

correlation analysis indicated a negative relationship showing that more activity in left mid-

VLPFC was coupled with less encoding suppression. Together, these findings suggest a role 

for the left mid-VLPFC in resolving the competition between learning and remembering. 

Given that encoding and retrieval were forced to occur within a brief period of time, we 

propose that the role of left mid-VLPFC involves the facilitation of rapid switching between 

the encoding and retrieval processes. 

 
A role of left mid-VLPFC in rapid memory switching fits well with evidence implicating this 

region in flexible behavior and cognitive control. Outside the domain of memory, several 

studies have linked left mid-VLPFC activity to situations requiring flexible switching between 

different task sets or rules. For example, a recent fMRI study showed that activity in left mid-

VLPFC is linked to task-switching (132). In this study, people performed two semantic 

classification tasks (large/small or man-made/natural). When a task-switch was required, 

trial-by-trial fluctuations of left mid-VLPFC activity were associated with faster responses, 

while right frontal activity was associated with a sustained increase in reaction times 

(independent of the task). Based on these results, the authors concluded that the left mid-

VLPFC is associated with rapid and efficient task-switching. Complementing these fMRI 

data, a recent clinical study reported that patients with damage to mid-VLPFC show 

substantial impairments when rules are switched during an oculomotor task (133). Within 

the domain of memory, a recent review associated left mid-VLPFC (BA 45) specifically with a 

post-retrieval selection process, which operates to resolve conflict among retrieved 

representations (134). This idea is based on the finding that this region shows greater activity 

with increasing numbers, or strength, of retrieved competitors (135, 136). Here, we confirm 

that left mid-VLPFC shows greatest activity in situations where conflict is largest (R+E+). 

Yet, the current study extents these findings in an important way. First, we show that left 

mid-VLPFC activity is not only associated with competition during retrieval, but also, with 

the conflict that arises when retrieval is competing for resources with concurrent encoding. 

Second, by showing a negative coupling between left mid-VLPFC activity and the encoding 

suppression effect in the visual cortex and MTL, we provide new evidence that this region is 

not merely associated with high-conflict memory conditions, but actually aids in resolving 

conflict. 
 

Finally, we addressed a crucial issue regarding the possible role of attention in the 

competition between learning and remembering. Despite the fact that the response times for 

the four critical trial types did not differ, one could still argue that retrieval success results in 

greater attentional capture than retrieval failure. This aspect, in turn, could account for the 

observed reduction in scene encoding. Yet, the results of Behavioral Experiment 2 (Figure 

2C) contradict this explanation. In fact, when the scene-encoding task was replaced with a 

visual attention task the retrieval effect showed a reversal: the chance of detecting the target 

dot was significantly smaller when retrieval failed (R–) than when retrieval succeeded (R+). 

Hence, these results indicate that retrieval failure is actually accompanied by greater 

engagement of selective attention than retrieval success.  
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Overall, this study not only provides novel insight into our capacity to learn and remember, 

but also increases our general understanding of the neural mechanisms underlying flexible 

behavior. Virtually all interactive situations we encounter in our daily lives require rapid 

switching between learning and remembering. For example, normal social communication 

requires that we process the new information another person is providing. While listening, 

we are already retrieving information in preparation of an appropriate reply. Other every-day 

examples are driving through an unfamiliar city while rapidly interpreting familiar traffic 

signs, and encountering various store products during shopping while remembering what we 

need. In this respect, it is interesting to note that conditions that compromise mid-VLPFC 

function, such as normal aging (137), are also associated with impairments in these every-day 

activities. 

 

On a final note, although the opposite levels of activity in PCC during encoding and retrieval 

formed the rationale of the study, it should be mentioned that, given the relatively low spatial 

resolution of fMRI, one should be careful when interpreting this finding in terms of a neural 

bottleneck regarding encoding and retrieval processes. A single voxel can contain thousands 

of neurons, some of which can increase in activity while others decrease. These changes could 

easily sum to zero in terms of fMRI signal. Thus, while the overall signal within a voxel 

cannot increase and decrease at the same time, fMRI does not allow determining whether 

different neural signals within the voxel are simultaneously increasing and decreasing. Also, 

we should state that we are not claiming that encoding and retrieval are fundamentally 

distinct processes that always compete. Actually, according to transfer-appropriate 

processing (42) and reactivation accounts (121, 138), the overlap between encoding and 

retrieval processes forms the most important determinant of memory performance. The 

present data merely indicate that encoding and retrieval compete for neural resources when 

these processes are forced to occur within a brief period of time and involve different sources 

of information. 

Conclusions 

In summary, the present study yielded five main findings. First, we confirmed and extended 

previous evidence indicating opposing levels of activity in PCC during learning and 

remembering. Second, in line with a competition in our memory system, we report a new 

memory effect: successful retrieval has a detrimental effect on memory encoding when both 

processes happen within a brief period of time. Third, we found that this behavioral effect is 

coupled with suppression of encoding-related brain activity. Fourth, we identified a region 

within left mid-VLPFC that was negatively correlated with the encoding suppression effect. 

This finding suggests that this region may facilitate rapid switching between encoding and 

retrieval processes. Finally, a follow-up behavioral study provided indications that the 

competition between learning and remembering is not due to attention, but truly reflects a 

memory phenomenon. More generally, these findings show that, although learning and 

remembering compete, there are certain conditions in which this bottleneck in our memory 

system can be resolved. 
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Abstract 

There is abundant evidence that the hippocampal formation critically supports episodic 

memory retrieval, the remembering of episodes including contextual details. Yet, a group of 

other brain regions has also been consistently implicated in successful episodic retrieval. This 

retrieval success network (RSN) includes the posterior midline region, medial prefrontal 

cortex (mPFC), and posterior parietal cortex (PPC). Despite these consistent findings, the 

functional roles of the RSN regions remain poorly understood. Given that vivid remembering 

leads to high-confidence retrieval decisions, it is unclear whether activity in these regions 

reflects episodic long-term memory, or is merely associated with retrieval confidence. In 

order to distinguish between these alternatives, we manipulated study-test delays within the 

context of a continuous recognition task during fMRI-scanning. The design was based on 

previous evidence indicating that retrieval at short delays is easier leading to high-evidence 

mnemonic decisions, whereas retrieval at longer delays is more difficult but also more 

hippocampus-dependent. Confirming previous findings, we found that retrieval decisions at 

short delays were more accurate and faster, and that hippocampus showed greater activity at 

longer delays. Within the other RSN regions, we found three distinct activation patterns as a 

function of delay. Similar to hippocampus, retrosplenial cortex showed increased activity as a 

function of retrieval delay. Dorsal PPC and precuneus showed decreased activity. Finally, 

posterior cingulate, medial PFC and ventral PPC showed a V-shaped pattern. These findings 

support the idea that dorsal PPC and precuneus are involved in decision-related retrieval 

processes rather than successful remembering. 
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Introduction 

In the past few decades, clinical studies in both animals and humans have yielded 

overwhelming evidence that the integrity of the hippocampal formation is critical to normal 

episodic memory retrieval, the remembering of episodes including contextual details (59, 

139). More recently, functional MRI studies have consistently implicated another group of 

other brain regions in successful episodic retrieval. This retrieval success network (RSN) 

includes medial prefrontal cortex (mPFC), posterior parietal cortex (PPC), and the posterior 

midline region (PMR), comprising precuneus, posterior cingulate, and retrosplenial cortex 

(4, 12). Functional Magnetic Resonance Imaging (fMRI) studies of episodic retrieval found 

greater activity in these regions during correct recognition of studied items, than during 

misses and correctly-rejected non-studied items (e.g., 140). Moreover, these differences 

increase with retrieval confidence (e.g., 141). Yet, despite these consistent findings, the role of 

RSN regions in episodic retrieval remains poorly understood. A critical issue is that 

successful retrieval often leads to high-confidence memory decisions. Thus, it is unclear 

whether activity in the RSN truly reflects episodic long-term memory or is merely associated 

with confident retrieval decisions. 

 

Regarding the latter option, there is substantial evidence that the posterior parietal regions of 

the RSN are involved in processes supporting perceptual decision-making (142, 143). For 

instance in the monkey brain, PPC neurons have been linked to the accumulation and 

integration of evidence from multiple perceptual regions prior to a decision (144). A 

functional MRI study on perceptual recognition has recently reported analogous findings in 

the human PPC (145).  Models of recognition memory also assume that retrieval decisions 

are based on the accumulation of evidence (146, 147). These models assert that memory 

judgments are based on a diffusion-like process by which evidence is gathered for or against a 

memory decision. These diffusion models are in line with signal detection models, which 

hold that memory judgments are made whenever the memory strength of a test item exceeds 

a certain criterion (148, 149). Following these memory models, it has recently been proposed 

that PPC does not directly support the retrieval of episodic information but rather integrates 

and accumulates available mnemonic evidence (12). Yet, thus far, the mnemonic accumulator 

account has not been directly tested. 

  

To dissociate episodic memory retrieval from mnemonic evidence accumulation, we 

manipulated retrieval delays within the context of a continuous memory task (Figure 1). We 

systematically varied the delays, by changing number of intervening items between initial and 

second presentation of a given item, ranging from 0 to 31 intervening items. This design was 

based on recent fMRI evidence indicating that recognition responses after short delays are 

relatively easy (high-evidence decisions) but less hippocampus-dependent, whereas responses 

after longer delays are more difficult (low-evidence decisions) but more hippocampus-

dependent (150, 151).  
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Following these previous fMRI findings (150, 151), we predicted that hippocampus would 

show increased activity with increasing delays (increasing delay function). Moreover, based 

on clinical studies that identified this area as key episodic memory region (152), we predicted 

that PMR would follow the hippocampus and would also show an increasing delay function. 

In contrast, following the mnemonic accumulator account (12), we expected that PPC would 

not follow the hippocampus and show decreased activity with longer delays reflecting lower 

amounts of mnemonic evidence (decreasing delay function). Because we did not have clear 

apriori hypotheses about the shape of the delay functions, we used simple graded, linear, 

functions (1-2-3-4-5-6-7 and 7-6-5-4-3-2-1). We also considered the possibility of a 

nonlinear delay function in some areas using a quasi-hyperbolic, V-shaped function: a 

decreasing function during short delays and an increasing function during long delays (4-3-

2-1-2-3-4) or vice versa (Λ-shaped delay function: 1-2-3-4-3-2-1). 

Methods 

Participants 

Seventeen subjects (11 male, mean age 21.3 ± 0.5, right-handed) took part in the experiment. 

All subjects were paid for participation, native Dutch speakers with no history of 

neurological problems and recruited from the University of Amsterdam community. 

Participants were informed, screened for MR safety, and gave their written consent. The 

study met all criteria for approval of the Academic Medical Center Medical Ethical 

Committee.  

Stimulus Material  

Stimuli consisted of 630 words (all nouns), selected from the MRC Psycholinguistic database 

(www.psy.uwa.edu.au/mrcdatabase/uwa_mrc.htm) and translated to Dutch. Words varied 

between 5 and 10 letters in length and were of moderate frequency.  

Continuous word recognition paradigm with varying retrieval delays 

Words were presented in the center of the screen for 1200 ms, while subjects made 

“old”/“new” recognition responses. Participants were instructed to press a button with their 

Figure 1. Continuous 

recognition task with 

varying retrieval delays. 

Each line indicates the 

presentation of an 

individual word. Delays 

between first (“new”) and 

second (“old”) word 

presentation were varied. 

The figure displays two 

examples of the different 

delays employed, d7 and 

d15.  



Dissociating the “retrieval success” regions of the brain 

 39 

right index finger when they thought the word was seen for the first time (“new”), and with 

their right middle finger, when they thought the word was seen for a second time (“old”). 

Since differences in old/new ratios have been shown to lead to differences in  brain activity 

(153), we repeated only half of the words, whereas the other items were presented once. This 

design leads to a constant 1:2 – old:new ratio throughout the experiment. The inter-trial-

interval (ITI) between two consecutive trials ranged between 500-2500 ms (mean 975 ms).  

 

Critically, we varied the retrieval delays between initial and second presentation ranging from 

0 – 1 – 2 – 3 – 7 – 15 – 31 trials. For example, in the case of delay 0 (d0), a word was 

immediately repeated on the subsequent trial with no other items in-between. Alternatively, 

in the case of delay 31 (d31), there were 31 intervening items between the first and second 

presentation (see Figure 1). The retrieval delays (d0–d1–d2–d3–d7–d15–d31) were 

randomly distributed and occurred 10 times in each of three runs (± 8 minutes each), 

yielding a total of 30 trials per retrieval delay.  

Data acquisition 

Images were collected using a Philips Intera 3.0 Tesla Scanner equipped with a standard 

SENSE head coil. The functional images were acquired using a T2* sensitive echo planar 

imaging (EPI) sequence (96 x 96 matrix, TR 2000 msec, TE 30 msec, FA 80º, 34 slices, 2.3 

mm x 2.3 mm voxel size, 3-mm thick transverse slices). A standard PC generated the stimuli 

which were projected on a screen at the foot of the scanner-table. The subjects could see the 

projected stimuli via a mirror mounted on the head coil. Foam cushions supported their head 

and they wore earplugs to reduce scanner noise. An MR-compatible four-button box 

(Lumitouchtm) collected the behavioral responses. After the memory task, a high-resolution 

T1-weighted structural scan (256 x 256 matrix, TR 12 ms, TE 5ms, FOV 24 cm, 68 slices, 1 

mm slice thickness) was collected.  

fMRI analysis 

The MR data was preprocessed and analyzed using SPM5 (Statistical Parametric Mapping; 

http://www.fil.ion.ucl.ac.uk/spm). First, time-series were realigned and corrected for 

differences in acquisition time and then co-registered to the structural scan. Next, the 

structural scan of each subject was segmented and normalized using the Montreal 

Neurological Institute (MNI) T1 template image. Then, the obtained normalization 

parameters were applied to the functional images. Finally, the normalized functional images 

were resliced to a resolution of 3x3x3 mm and spatially smoothed using an 8-mm isotropic 

Gaussian kernel.  

 

For each subject, trial related activity was modeled by convolving a vector of trial onsets with 

a canonical hemodynamic response function (HRF). The General Linear Model (GLM), as 

implemented in SPM5, was used to model effects of interest and remove confounding effects, 

such as motion. Statistical Parametrical Maps were identified by applying linear contrasts to 

the parameter estimates according to the events of interest. The events of interest were 

determined by the continuous memory task and each subject’s individual memory 

performance. Dependent on whether an old item was recognized or not, a trial was coded as 

“hit” (mean number of trials 178 ± 3.6) or “miss” (26 ± 3.2). Responses on trials with new 
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items were scored as “correct rejections” (384 ± 6.5) or “false alarms” (22 ± 4.3).  Omitted 

responses (19 ± 5.1), “correct rejections”, “misses” and “false alarms” were included in the 

GLM but not used in the further analysis. 

 

To dissociate regions that showed differential activity for the “hits” as a function of retrieval 

delay, we employed a parametric approach. First, for each subject we created separate beta-

maps for retrieval hits according to the different delays (mean number of trials: d0 = 27 ± 0.5; 

d1 = 29 ± 0.4; d2 = 26 ± 0.6; d3 = 25 ± 0.5; d7 = 25 ± 0.7; d15 = 25 ± 0.9, d31 = 22 ± 1.0). 

Next, we created three different parametric contrasts, an increasing delay function (1-2-3-4-

5-6-7), a decreasing delay function (7-6-5-4-3-2-1), and a V-shaped delay function (4-3-2-1-

2-3-4). All contrasts were centered by means of z-scoring: (Z = (X-M)/SD, X = the raw value, 

M = is the average of the function, SD the standard deviation and Z is the Z-scored value). 

Thus, the increasing parametric contrast [1 2 3 4 5 6 7] becomes [-1.39, -0.93, -0.46, 0, 0.46, 

0.93, 1.39]. Group effects were calculated for both linear and nonlinear functions by means of 

a random effects analysis (p < 0.001 uncorrected, minimum cluster size = 8 voxels). 

Results 

Behavioral Data 

The mean proportion of correctly recognized words was 0.87 ± 0.02 (mean, se), and the 

proportion of false alarms was 0.06 ± 0.01, leading to a d-prime score of 2.88 ± 0.11. The 

proportion of omitted responses was 0.03 ± 0.008. As shown in Figure 2, the hit rate (hit rate: 

d0 = 0.92 ± 0.01; d1 = 0.96 ± 0.01; d2 = 0.90 ± 0.02; d3 =0.86 ± 0.02, d7 =0.86 ± 0.02; d15 

=0.83 ± 0.03; d31 = 0.76 ± 0.03) significantly (F(1,16) = 13.9, P < .0001, partial Eta2 = 0.46) 

declined with longer retrieval delays.  

 

  
 

Figure 2. Behavioral results: The top 

line graphs indicate average 

percentage of correctly identified 

“old” items for each retrieval delay 

(hit-rate).  

 

The bottom-line graphs indicate 

average reaction times for retrieval 

hits at each delay. Error bars indicate 

de standard error of the mean. 
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Reaction times (RTs) for hits showed an opposite pattern (d0  = 672 ± 13 ms; d1 = 699 ± 11 

ms ; d2 = 737 ± 13 ms, d3 = 754 ± 13 ms, d7 = 750 ± 11 ms, d15 = 758 ± 15 ms, d31 = 768 ± 

12 ms, Figure 2), a significant increase with longer delays (F(6,16) = 29.0, P < .0001, partial 

Eta2 = 0.65). These behavioral results confirm our assumption that recognition judgments 

become more difficult with increasing retrieval delays. 

fMRI results 

Figure 3 and Table 1 lists regions showing significant activations (P < 0.001, uncorrected) for 

the three parametric contrasts: increasing, decreasing, and V-shaped. All significant clusters 

also survived a small volume correction (P < 0.001 FDR corrected). In line with our 

prediction, we found that activity in bilateral hippocampus and the retrosplenial cortex 

showed an increasing delay function.  

 

We also considered the possibility of a nonlinear delay function: either a decrease during 

short delays but an increase during longer delays (V-shaped delay function) or vice versa (Λ-

shaped delay function). Interestingly, whereas, at the set threshold (P < 0.001), no regions 

showed a Λ-shaped function, we found three RSN regions that showed a V-shaped delay 

function: right ventral PPC (BA39), posterior cingulate cortex (BA31), and mPFC (BA10). As 

shown in Figure 3G-I, during shorter delays, these regions showed a decrease, but during the 

longer delays (> 7), these regions showed an increase in activity resulting in a V-shaped 

pattern. Given previous fMRI studies that found predominantly left-lateralized activity in 

BA39 during verbal retrieval (25), we were surprised that, at the set threshold, we did not find 

Figure 3. fMRI results: For the purpose of illustration, activations are shown at P <0.005. (A) retrosplenial 

cortex (BA29/30), (B) left hippocampus, (C) right  hippocampus, (D)  precuneus (BA 7), (E) left dorsal 

posterior parietal cortex (BA40), (F) right dorsal posterior parietal cortex (BA40), (G) posterior cingulate 

cortex (BA31), (H) right ventral posterior parietal cortex (BA39), (I) medial prefrontal cortex (BA10). 

Lines indicate the mean of all activated voxels at P < 0.001, uncorrected, for the different retrieval delays. 
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a V-shaped pattern in left ventral BA39. Yet, when we slightly lowered the threshold (P < 

0.005), we also found a substantial cluster (MNI [x,y,z] = -48, -72, 30, local maximum T = 

4.8, cluster size = 14) of activity in this region (coronal view in Figure 3).  

Follow-up analyses 

As a confirmation of the delay-related regional dissociations, we conducted an additional 

region x delay repeated measures ANOVAs on the mean cluster activity for the PPC and 

PMR regions. Within PPC, we found a significant region x delay interaction between ventral 

BA 39 and dorsal BA 40 (left hemisphere F(6,16) = 6.90, P < .0001, right hemisphere F(6,16) 

= 3.82, P = .0019). Within PMR, we found significant interactions between posterior 

cingulate and precuneus (F(6,16) = 2.76, P = 0.016), posterior cingulate and retrosplenial 

cortex (F(6,16) = 8.45, P < .0001), and between retrosplenial cortex and precuneus (F(6,16) = 

12.3, P < .0001). Hence, these results support a double dissociation within PPC and a triple 

dissociation within PMR as a function of retrieval delay. We also conducted follow-up t-tests 

between the different delays in order to asses the exact development of activity across delays 

in each region (see supplemental data). 

 
Function Label Side BA X Y Z Size T-Linear T-Vshape

Increasing delay function Retrosplenial cor tex L 29/30 -6 -51 15 52 5,89 2,38

Hippocampus R 28 21 -12 -18 30 5,03 1,48

L 28 -24 -18 -18 10 4,6 0,2

Thalamus L - -15 -27 -3 8 5,21 0,68

Visual Cortex R 18 36 -87 -6 12 4,95 -1,37

Decreasing delay function Precuneus R 7 6 -60 51 160 9,64 0,57

Dorsal  PPC R 40 48 -33 48 61 6,13 -0,14

L 40 -48 -39 51 84 6,21 -1,24

Premotor Cortex L 6 -27 -6 57 45 5,64 -2,34

Somatosensory Cortex L 2/3 -54 -24 33 10 5,41 -0,97

Dorsolateral Prefrontal  Cortex R 9 45 15 33 10 5,19 0,02

R 9 45 30 36 13 4,48 0,74

Substania Nigra L - -9 -21 -21 8 5,16 -0,38

V-shaped delay function Medial Prefrontal Cortex L 10/32 -9 48 0 110 0,04 6,85

L 9/10 -12 48 21 78 1,21 6,33

Posterior Cingulate Cortex 31 0 -51 33 8 -1,02 3,99

Ventral PPC R 39 45 -66 24 24 0,08 4,7

L 39 -48 -72 30 6 0,86 4,8

Superior Prefrontal Cortex L 8 -21 33 45 39 0,83 6,06

Insula R - 36 -12 18 21 -0,48 5,99

L - -48 6 9 12 -1,28 5,41

Premotor Cortex R 6 51 -9 33 9 0,01 4,68

Lateral Temporal Cortex R 21 51 -3 -27 12 0,06 5,3

L 21 -54 -6 -27 10 0,89 4,89  

Supplemental analyses 

To further asses the precise function by which activity increased (or decreased) during the 

different retrieval delays, we conducted an additional fMRI analysis. Given that our delays 

increase in a near exponential fashion (0-1-2-3-7-15-31), we parametrically modeled each 

delay matching the repetition of each item (1-2-3-4-8-16-32). Similar to the linear delay 

function, we created parametric contrasts, centered by means of z-scoring: Z(X) = (X-M)/SD, 

Table 1.  Brain regions associated with increasing, decreasing and V-shaped delay function 
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X = the raw value, M = is the average of the function, SD = the standard deviation and Z = z-

scored value). For each repetition delays, this resulted following parametric modulators: d0 = 

-0.75, d1 = -0.66, d2 = -0.57, d3 = -0.49, d7 = -0.13, d15 = 0.59, d31 = 2.01. Next the resulting 

contrasts were used to calculated group effects by means of a random effects analysis. For 

comparison with the original linear parametric analysis, Table 2 now reports the results of 

this exponential function for the regions identified by the original analysis. Overall, 

maximum T values are slightly weaker for the exponential than the linear analysis, suggesting 

a better fit for the latter.  

 
Function Label Side BA X Y Z T-Exp 

Increasing delay function Retrosplenial cortex L 29/30 -9 -63 24 4,81 

 Hippocampus R 28 21 -18 -18 2,36 

  L 28 -24 -18 -21 1,71 

 Thalamus L - -15 -27 -3 3,11 

 Visual Cortex R 18 33 -90 -9 6,66 

        

Decreasing delay function Precuneus R 7 6 -60 51 5,06 

 Dorsal PPC R 40 36 -36 39 5,72 

  L 40 -51 -39 51 3,61 

 Premotor Cortex L 6 -21 -6 54 4,97 

 Somatosensory Cortex L 2/3 51 -39 51 4,61 

 Dorsolateral Prefrontal Cortex R 9 45 15 33 3,75 

  R 9 45 30 27 3,09 

  Substania Nigra L - -6 -21 -12 2,55 

  

Discussion 

Using a simple retrieval delay manipulation, this study identified three distinct patterns of 

brain activity within the RSN. First, hippocampus and retrosplenial cortex showed an 

increasing delay function. Second, dorsal PPC and precuneus showed a decreasing delay 

function. Finally, ventral PPC, posterior cingulate, and mPFC showed a V-shaped delay 

function. Most importantly, the study revealed clear neurofunctional dissociations within 

PPC and the PMR. Below, we discuss the functional and neuroanatomical implications of our 

findings. 

Functional implications: linear and V-shaped delay functions 

The hippocampus and retrosplenial cortex showed an increasing delay function.  These 

results confirm a previous MTL study that also found increased involvement of the 

hippocampus with increasing retrieval delays (151), but extents these findings to the 

retrosplenial cortex.  Interestingly, the integrity of both structures is indicative of the 

progression of Alzheimer’s disease and is coupled with severe episodic memory deficits (154, 

155). Moreover, functional neuroimaging studies have consistently found increased activity 

in these regions during vivid episodic memory retrieval (141, 156).  

 

Evidently, the low levels of hippocampal activity after short retrieval delays do not imply that 

the hippocampus does not play any role during those recognition decisions. It might simply 

be the case that for short delays memory traces are pattern-completed more automatically 

requiring less effort and hippocampal engagement (121). Nonetheless, regardless of 

Table 2. comparison between linear and with parametric analysis 
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interpretation, the current findings of an increasing delay function in bilateral hippocampus 

fits well with previous studies (150, 151) and clearly support the view that recognition 

judgments after longer delays become more dependent on the hippocampus. 

 

Dorsal PPC (BA40) and precuneus showed a decreasing delay function. Although these latter 

regions have been repeatedly linked to successful episodic retrieval (63, 157, 158), our 

findings suggest that they are more sensitive to retrieval confidence than to hippocampal 

signals. Given that retrieval decisions after shorter delays are easier; these decisions will be 

associated with stronger mnemonic evidence (Figure 2). Thus, the decreasing function 

observed in dorsal PPC supports the mnemonic accumulator account (12). As noted, this 

account asserts that PPC does not directly support the retrieval of episodic information but 

rather integrates and accumulates available mnemonic evidence.  

 

Outside of our predictions, the precuneus was also associated with evidence accumulation 

(decreasing delay function) rather than episodic retrieval (increasing delay function).  

Although not predicted, this region has previously been linked to accumulation and 

integration of sensory information during observation of temporal movie sequences (159),  

the strength of the sensory evidence in favor of a visual stimulus-response association (160) 

and the identification of degraded visual stimuli (145). Perceptual processes are assumed to 

play an important role in memory retrieval (161).  For instance, perceptual fluency, the ease 

by which perceptual information is extracted from a stimulus, is thought to sustain old/new 

recognition judgments. Because prior exposure to a stimulus facilitates subsequent 

perceptual processing, it has been proposed that perceptual fluency can be used as an index 

of stimulus oldness (162). In that respect, the current memory findings fit well with the 

aforementioned studies implicating a role for the precuneus in sensory evidence 

accumulation. 

 

Although we predicted that posterior cingulate, as part of the PMR would show an increasing 

delay function, and the ventral PPC (BA39), as part of the PPC (BA39/40), would show a 

decreasing delay function, these regions actually showed a V-shaped delay function. 

Interestingly, the medial prefrontal cortex (mPFC) also showed a V-shaped pattern. Together 

these areas overlap with the so-called “default mode network” (DMN; (4, 105). They show 

the most coherent activity during rest (77), and most consistently show task-induced 

deactivations (66, 163). Importantly, McKiernan et al. (2003) showed that the DMN regions 

show deactivation during effortful task performance, including short-term memory 

conditions, and the extent of deactivation is correlated with task-difficulty. Although the 

function of the DMN remains unclear, the fact that the DMN regions showed a V-shaped 

function can help clarify its role. 

 

Our design included very short lags from 0-3 intervening items. It is possible that short term 

memory processes contributed substantially to the recognition responses at these short 

delays. At the same time, these processes are not likely to contribute at the longer delays (7-

31). Our behavioral results indicated that the short delays are accompanied by easier 

recognition judgments than the long delays (see results). In this respect and following 

McKiernan et. al (2003), the V-shaped pattern may represent an interaction between 
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memory type (short-term memory/episodic memory) and task difficulty: a decreasing slope 

as a function of difficulty at short delays, but an increasing slope at longer delays when 

participants become more dependent on episodic memory and the hippocampus. This 

interpretation is in line with studies that showed opposite levels of DMN activity during 

short-term memory and episodic memory retrieval. These studies either found suppression 

of the DMN during demanding short-term memory retrieval (104, 164), or increased activity 

during successful episodic memory retrieval (141, 156). Here, we add to these findings by 

showing that this opposition occurs in a graded fashion as a function of retrieval delays.  

 

Assuming that the V-shaped pattern in the DMN regions reflects the differential use of 

hippocampal-dependent memory, one may ask how this pattern relates to current accounts 

of DMN function. A prevailing account is that the DMN is activated during conditions 

involving attention to internally-generated representations (4, 105). The DMN is active 

during a variety of internally-oriented task conditions, including thinking about the future 

(114), self-referential processing (165), and imagery of complex visual scenes (113).  A recent 

review suggested that these internal representations involve information coming straight 

from the hippocampal memory system (12). This idea received strong support from a recent 

clinical study that showed that patients with hippocampal damage are severely impaired in 

generating internal representations (166). 

 

The current findings fit well with a hippocampus-driven, internal-representation account, 

given that the role of the hippocampus is less critical for retrieval responses during short 

delays (150, 151) and may depend more on short-term memory processes (167, 168). Here, 

we suggest that the initial decrease in the DMN regions is associated with ignoring of 

internal-hippocampal representations during short delays, because they are less reliable or 

more demanding than short-term memory processes. The simple fact that retrosplenial 

cortex did not show a V-shaped, but an increasing delay function also indicates that this 

region is involved in more fundamental episodic memory processes 

 

Given the nature of our design with delays that increased in an exponential-like fashion (d0-

d1-d2-d3-d7-d15-d31), it is possible that our linear functions did not appropriately capture 

the activation levels depicted in Figure 3A-F. To address this issue, we conducted a follow-up 

parametric analysis reflecting the actual number of intervening items (see Supplemental 

data). The supplemental data suggest that our original linear model provides a slightly better 

fit of the data. Since delays actually increased in an exponential-like fashion, this suggests that 

the brain regions identified by the linear model follow retrieval delays in a logarithmic-like 

fashion tapering off at longer delays. This interpretation would be in line with behavioral 

data showing that a logarithmic function provides the best description of delay-dependent 

retrieval processes  (169). 

Neuroanatomical implications: dissociations within Posterior Parietal Cortex and 

Posterior Midline Region 

Apart from functional dissociations across the brain, the current study also revealed 

dissociations within two distinct regions, PPC and PMR. Within PPC, we found a 

dissociation between dorsal BA40 showing a decreasing function, and ventral BA39 showing 
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a V-shaped function. The pattern in dorsal BA40 seems to fit best with the mnemonic 

accumulation account (12). In contrast, the activity pattern in ventral BA39 fits better with 

the internal-hippocampal account which assumes hippocampal information is ignored during 

retrieval after relatively short delays. 

 

The functional dissociation between dorsal BA40 and ventral BA39 also fits with anatomical 

studies. The location of the ventral PPC corresponds roughly with area 7a in macaques, 

which projects directly to the hippocampus (170). Dorsal BA40 roughly corresponds to area 

7b (171), which is connected with perceptuomotor areas (172, 173). Complementing these 

animal findings, a recent fMRI study in humans reported that spontaneous activity in ventral 

BA39 was coherent with a hippocampal network, and in dorsal BA40, with a perceptuomotor 

network (174). As discussed, perceptual processes may play an important role in mnemonic 

evidence accumulation (161, 175, 176). Thus, the link between dorsal BA40 and 

perceptuomotor processes fits with a possible role as integrator and accumulator of 

sensory/mnemonic evidence (12). At the same time, the anatomical link between ventral 

BA39 and the hippocampus fits with the internal-hippocampal account of the V-shaped 

pattern. Thus, together these two posterior parietal regions play an important but distinct 

role in recognition memory. 

 

There is an alternative account explaining the parietal dissociation during retrieval in terms 

of bottom-up (ventral BA39) versus top-down (dorsal BA40) attention (63). Although the V-

shaped function in BA39 could be explained in terms of bottom-up attention (high salience 

of perceptual information during short delays, high salience of hippocampus-generated 

internal representations during long delays), the linear decrease in BA40 appears opposite to 

a top-down attention account (more activity with lower task difficulty/stronger mnemonic 

evidence) and thus fits better with mnemonic accumulator account (12). 

  

Within PMR, we found a triple dissociation between precuneus, posterior cingulate, and 

retrosplenial cortex. The precuneus showed a decreasing function consistent with a role as 

sensory/mnemonic evidence accumulator. The retrosplenial cortex showed an increasing 

function consistent with its role in long-term episodic memory. Finally, the posterior 

cingulate showed a V-shaped pattern together with other DMN regions (mPFC and ventral 

BA39).  

 

A triple dissociation is consistent with the different anatomical connections of the posterior 

midline regions. Regarding the precuneus and in line with the current study, a recent review 

advocated that this area is not part of the core default mode regions (4).  In line with a role as 

sensory/mnemonic evidence accumulator and similar to dorsal BA40, anatomical studies 

indicate that the precuneus connects strongly with perceptuomotor areas (177, 178). In 

contrast, given its central location, the same review concluded that the posterior cingulate is 

the central node of the default mode network. In line with this idea, anatomical evidence 

shows that this region has robust connections with other core default mode regions, 

including mPFC and ventral BA39 (13). The current finding that the posterior cingulate 

shows a similar V-shaped pattern as mPFC and ventral BA39 further supports a role as 

central node. Finally, supporting the increasing pattern, the retrosplenial cortex is the 
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midline region that shows the strongest direct connections with the hippocampal formation 

(13), and lesions in this region produce similar amnesic symptoms as hippocampal lesions 

(152). In sum, the triple dissociation in PMR fits with available functional and 

neuroanatomical data. This dissociation also indicates that researchers should be careful 

when grouping these distinct areas using terms as “posterior midline region” or “medial 

parietal cortex”. 

Conclusions 

Taken together, we believe the functional-anatomical dissociations we observed among the 

RSN regions support of a three-component model of RSN regions. The first component is 

formed by retrosplenial cortex and hippocampus and is primarily engaged in episodic 

memory retrieval. The second component consists of precuneus and dorsal PPC region and 

is mainly concerned with sensory/mnemonic evidence accumulation. The third component 

involves posterior cingulate cortex, ventral PPC and medial PFC, and shows decreasing 

activity at short delays when internal-hippocampal retrieval processes are disengaged, but 

increasing activity at longer delays when recognition decisions become more dependent on 

the hippocampus. Finally, we should emphasize that other interpretations than those 

advocated here could also account for the regional differences in activity across retrieval 

delays. Yet, regardless of the cognitive interpretations, we believe the functional-anatomical 

dissociations we observed, particularly the double dissociation in the PPC and the triple 

dissociation in PMR, are striking and interesting, and their specific interpretations should be 

the topic of future studies. 
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Abstract 

Remembering past events – or episodic retrieval – involves an effortful reconstructive process 

consisting of several components. There is evidence that mental imagery plays an important 

role in this process and that the brain regions supporting imagery overlap with those 

supporting retrieval. An open issue is to what extent these regions support successful vs. 

unsuccessful imagery and retrieval processes. Previous studies that examined regional 

overlap between imagery and memory used uncontrolled conditions, such as 

autobiographical memory tasks, that cannot distinguish between successful and unsuccessful 

imagery and retrieval. In the current fMRI study, we addressed this issue by testing imagery 

and retrieval under controlled task conditions allowing us to dissociate regions contributing 

to successful (high > low) vs. unsuccessful (low > high) performance. Results identified three 

networks of brain regions with distinct patterns of activity. The first network – including 

dorsal precuneus, anterior cingulate and dorsolateral prefrontal cortex – showed a pattern 

common to retrieval and imagery and consistent with low performance in both domains. The 

second network – including ventral precuneus, midcingulate cortex and supramarginal gyrus 

– showed an interaction between task and performance by supporting high retrieval, but low 

imagery performance. Finally, the third network – including hippocampus, medial prefrontal 

cortex, posterior cingulate cortex and angular gyrus– was associated with high performance 

regardless of task.  This is the first study to separate the neural correlates of high and low 

performance for both retrieval and imagery. Results are discussed in relation to effortful 

attention/monitoring processes, reconstructive processes, and processes involved in actual 

experiencing of mentally-generated representations. 
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Introduction 

Mental imagery – perceiving with the mind’s eye and ear - is considered to be a critical 

component of vivid remembering of past events – or episodic retrieval (55, 179). Theories of 

memory hold that episodic retrieval does not only involve the activation of previously formed 

memory traces, but also reconstructive processes that support the generation of mental 

representations (54, 107, 180, 181).  When these reconstructive processes succeed, it is 

assumed that they result in a perception-like (re)-experiencing of the original event (7). 

Neuroimaging studies have confirmed the close link between imagery and retrieval. On the 

one hand, there are indications that imagery and retrieval of modality-specific information, 

either auditory or visual, lead to activity in corresponding sensory brain regions (7, 60, 182). 

On the other hand, several regions, including the neocortical posterior midline region and 

angular gyrus, appear to contribute to memory retrieval in a modality-independent fashion 

(122), and – although the relation with auditory imagery has not yet been established – those 

same regions have been linked to imagery of visual information (9, 10). Yet, the exact role of 

these regions in memory and imagery remains unclear.  

 

As illustrated in our scheme depicted in Figure 1, the process of remembering a past event is 

thought to include several different component operations, which envelope the more general 

process of mental imagery. This scheme is derived from a combination of models from both 

the episodic memory (107, 121, 181) and mental imagery (10, 183, 184) literature. The first 

component in the scheme involves the attempt to access an appropriate memory trace based 

on a memory cue (“Do you remember this event?”), which we refer to here as Memory Search.  

Whenever an appropriate memory trace has been successfully retrieved (retrieval success), the 

second component involves activation of the memory trace – or Trace Activation.  

 

 
 

 

From then on in this scheme, memory components interleave with mental imagery 

components. The third component involves constructive processes supporting the generation 

of mental representations of either past events – derived from episodic memory and 

prompted by a memory cue – or fictitious events – derived from factual knowledge and 

prompted by an imagery cue (“imagine a picture of a tree, and the rustling sound of its 

Figure 1. Remembering past events consists of several components. Scheme to illustrate the different 

processes involved in remembering of past and imaginary events including vivid details.  
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leaves…”).  We refer to this process as (Re)construction. Following previous imagery models 

(10, 183, 184) and as indicated by the dotted line, we also assume that – even when imagery is 

cued by an imagery, rather than a retrieval cue – episodic information derived from past 

experiences can be used to aid the (Re)construction process. Whenever (Re)construction is 

successful (imagery success), the final component involves the processes supporting conscious 

(re)experiencing of the (re)constructed event – or (Re)experiencing. Thus, in this scheme, 

(Re)experiencing automatically implies that both retrieval success and imagery success 

occurred. This last aspect is a critical assumption in our analysis approach in terms of 

identifying regions associated with (Re)experiencing. 

 

We further assume that Memory Search and (Re)construction are effortful operations, which 

can be supported by processes specific to memory (retrieval effort) and imagery (imagery 

effort) or by more general processes regardless of task condition (general effort). It is 

important to note, though, that the serial nature of this scheme is an oversimplification and 

we do not assume that the components in this scheme are completely segregated in time. 

Although the components are depicted in a serial fashion, we assume they can overlap and be 

recurrent during both imagery and memory retrieval, as indicated by leftward arrows in 

Fig.1. For instance, when Trace Activation fails, a new Retrieval Search attempt for memory 

traces can be initiated. Likewise, failure to generate an appropriate mental representation 

during imagery can lead to another (Re)construction attempt similar to general models of 

retrieval (185, 186). The present fMRI study employed this scheme in an attempt to elucidate 

the role of aforementioned brain regions in imagery and retrieval processes. 

 

Recently, several fMRI studies directly compared imagery with retrieval and confirmed 

previous cross-experiment observations (9, 10, 122), identifying regional overlap between 

both processes in the posterior cingulate, the angular gyrus, and medial prefrontal cortex 

(113, 114, 187). An issue with these studies, though, is that they all used uncontrolled, open-

ended autobiographical memory tasks to examine the neural correlates of memory retrieval. 

In these types of tasks, there are no clear measures of successful or unsuccessful behavioral 

performance (188, 189). Thus, the extent of overlap with imagery-related activations under 

controlled conditions remains unclear.  

 

To address this issue we conducted an fMRI experiment including both a controlled imagery 

task and a controlled retrieval task. As shown in Table 1, on Day 1, participants imagined 

sounds and pictures based on imagery cues, while they also perceived sounds and pictures 

from different stimuli. Imagery-related activity was assessed by using imagery quality ratings 

following each trial. High imagery was defined as more activity for high- than for low-rated 

experiences and the opposite pattern as low imagery. On Day 2, participants retrieved the 

previously perceived sounds and pictures based on retrieval cues. Retrieval-related activity 

was assessed by contrasting items that were remembered with high confidence (high memory) 

to those that were forgotten (low memory). Regional overlap between imagery and retrieval 

was assessed by employing a factorial design in which the factors task (imagery/retrieval) and 

performance (low/high) for both visual and auditory stimuli were crossed. Although many 

fMRI studies have compared activations during high and low memory conditions (60), to our 
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knowledge this is the first study to compare these activations with high and low imagery 

conditions. 

 

Our analyses were based on the key assumption that high and low memory conditions do not 

only differ in the amount of success but also in the amount of effort involved. High memory 

conditions typically lead to faster responses made with greater confidence, whereas low 

memory conditions lead to slower, low-confidence responses (190). The slower response 

times have been related to effortful decision processes involving more careful monitoring of 

retrieval output (11, 107-109). This idea is partly based on the fact that regions activated 

during low memory conditions, including the anterior cingulate (ACC) and dorsolateral 

prefrontal cortex (DLPFC), have also been linked to effortful decisions outside of the 

memory domain. For instance, Fleck et al. (2006) found that that ACC and DLPFC activity 

was not specific to retrieval effort, but also correlated with effort during a perceptual decision 

task(191). Thus, under this assumption, the factorial design allows us not only to study the 

neural correlates of retrieval success (high > low memory) and imagery success (high > low 

imagery), but also the role of regions more closely related to retrieval effort (low > high 

memory) and imagery effort (low > high imagery). The linking of effort to low performance is 

also in line with our argument that Retrieval Search and (Re)construction are recurrent 

processes that can be reinstated when memory or imagery fails  (185, 186).  

  

We tested four main predictions. First, as a general evaluation of the paradigm, we expected 

that in line with previous studies, retrieval success and imagery success of visual and auditory 

information should activate visual and auditory regions respectively (7, 60, 182). Second, 

consistent with a role in general effort (191), ACC and right DLPFC should be associated 

with both retrieval effort and imagery effort in a modality-independent fashion. Third, we 

predicted an interaction between task (imagery/retrieval) and performance (low/high) in 

brain regions that have been previously associated with imagery or retrieval, but not with 

both processes. According to Figure 1, activity in regions associated with (Re)construction 

can be triggered by an imagery cue but also by successful Trace Activation following a 

memory cue. Thus, (Re)construction regions should involve, at least, a subset of the regions 

that have been previously linked to retrieval success. Yet, at the same time, given that we see 

(Re)construction as an effortful process, these same regions should be associated with imagery 

effort, which, in principal, can fail despite successful Trace Activation. Finally, in line with 

studies that used uncontrolled memory and imagery tasks (113, 114, 187), hippocampus, 

posterior cingulate cortex (PCC), angular gyrus, and medial prefrontal cortex (mPFC) are 

likely to show a pattern contributing to actual (Re)experiencing with their activation levels 

associated both with retrieval success and imagery success.  

Condition Timing Imagery Task Data used Timing Retrieval task Data used

1.0 sec Cue word Retrieval imagined 

3.0 sec Imagine image or sound event from day 1

1.5 sec Rate richness (1-4) 1.5 sec Rate Confidence (1-2)

1.0 sec Cue word Retrieval perceived 

3.0 sec Perceive image or sound event from day 1

1.5 sec Rate quality (1-4) 1.5 sec Rate Confidence (1-2)

Perception not included*
4.0 sec 

included

Table 1. Task setup and data used in the fMRI analyses

* perceptual trials are used for the validation analysis 

Day 1 Day 2

Imagery included
4.0 sec 

not included
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Methods 

Participants 

Twenty-one participants (16 female, mean age 22) recruited from the University of 

Amsterdam community took part in the experiment. All participants were in good health, 

and right-handed. Their native language was Dutch and they were paid 65 euro for 

participation. All participants gave their informed consent and the study met the criteria for 

approval of the Academic Medical Center Medical Ethical Committee.  

Stimuli 

The stimuli consisted of 456 Dutch cue-words (nouns) specifically matched with 456 

corresponding images and 456 corresponding sounds. The matched sounds were 2-channel 

stereo with a sample rate of 22 kHz, 16 bit sample size,  WAV-format, with a duration of 3 

seconds. The matched images consisted of 640x480 pixels, 16-bit color, BMP-format and 

were also presented for 3 seconds. To mimic the dynamical characteristic of sounds, the 

images faded-in (1 sec), stayed on the screen (1 sec) and then faded-out (1 sec). Visual stimuli 

were projected on a screen at the foot of the fMRI scanner, and seen via a mirror mounted on 

the head-coil. Auditory stimuli were presented via a MR-compatible headphone with passive 

noise dampening (MR Confon). Behavioral responses were collected by an MR-compatible 

four-button box (Lumitouch). 

Procedure 

Before the experiment, cue-words were randomly assigned to one of four conditions for each 

individual subject: (1) imagine sound, (2) hear sound, (3) imagine image or (4) observe 

image. The cue-words were carefully selected so they could match each condition. Thus, for 

example, cue-words like “cat” or “airplane” can easily be presented or imagined as either a 

sound or visual image. Before the start of the actual experiment, participants conducted a 

brief 20-trial practice session to check the volume of the headphones and to habituate to the 

scanner noise. The presentation order of the stimuli was pseudorandomized, to ensure that 

two consecutive trials were never of the same condition. Because pilot studies had indicated 

that the “imagine sound” condition was slightly more difficult and to ensure a sufficient 

number of successful trials in each of the four conditions, we used 132 trials for the “imagine 

sound” condition and 108 trials for the other conditions.  

 

As shown in Table 1, the fMRI experiment consisted of an imagery task and a retrieval task 

on consecutive days. Each task consisted of six runs, approximately 8 minutes long and 76 

trials each.  During the imagery task, a single trial consisted of a cue period, an 

imagery/perception period, and a rating period. During the cue period, a 1000-msec cue-

word was presented with an instruction to imagine or perceive a sound or image associated 

with the cue word. During the imagery/perception period, participants either imagined or 

perceived an image or sound according to the instruction. During the 1500-msec rating 

period, participants rated on a four-point scale (1 = very low, 4 = very high) the quality of 

their imagery experience or the richness of their perceptual experience. Critically, 

participants were not informed that their memory for these events would be tested the next 
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day during the retrieval task. A retrieval trial consisted of a retrieval period and a rating 

period. During the 4000-msec retrieval period, the cue-words from the previous day were 

presented again and participants indicated the condition in which they had seen the word the 

day before (imagined sound / heard sound / imagined image / observed image).  During the 

1500-msec rating period, participants rated the confidence of their judgment on a two-point 

scale (unsure/sure).  During both imagery/perception and memory retrieval phases, the 

intertrial intervals were jittered between 100 and 2100 ms. As illustrated in table 1, in keeping 

with previous fMRI studies that compared the neural correlates of imagery and retrieval, we 

only analyzed retrieval of perceived auditory and visual events, and the retrieval data of 

imagined events will be reported elsewhere.   

Scanning Parameters 

Functional MRI images were collected on a Phillips Intera 3.0T using a 6-channel SENSE 

head coil and a T2* sensitive gradient echo  sequence (96 x 96 matrix, TR 2000 ms., TE 30 

ms., FA 80º, 34 slices, 2.3 mm x 2.3 mm voxel size, 3-mm thick transverse slices).  

Additionally, a high-resolution T1-weighted structural scan (256 x 256 matrix, TR 12 ms, TE 

5ms, FOV 24 cm, 68 slices, 1 mm slice thickness) was collected.  

fMRI preprocessing and analysis 

Statistical Parametric Mapping (SPM5; (http://www.fil.ion.ucl.ac.uk/spm) software was used 

to preprocess and analyze the MR data. The images were slice-time corrected, motion-

corrected, coregistered to the structural scan, and then normalized. First, individual 

normalization parameters were obtained by normalizing the segmented structural scan of 

each subject using the Montreal Neurological Institute (MNI) T1 template image. These 

normalization parameters were then applied to the functional images. Next, the normalized 

functional images were resliced to a resolution of 3x3x3 mm and spatially smoothed using an 

8-mm isotropic Gaussian kernel.  For each subject, trial related activity was modeled by 

convolving a vector of trial onsets with a canonical hemodynamic response function (HRF). 

The General Linear Model (GLM), as implemented in SPM5, was used to model effects of 

interest and remove confounding effects. Statistical Parametrical Maps were identified for 

each participant by applying linear contrasts to the parameter estimates (beta weight) for the 

events of interest, resulting in a t-statistic for every voxel. Group effects were assessed by 

applying random effects analyses.  

 

We distinguished between 12 relevant trial types: low and high perception, low and high 

imagery and low and high retrieval, for both auditory and visual trials. We defined low 

perception as rating 1 and 2 on the four-point quality/richness scale and high perception as 

rating 4. Similarly, we defined low-imagery as rating 1 and 2 on the four-point 

quality/richness scale, and high-imagery as rating 4. We defined high-memory as the correct 

responses that were rated as confident, while low-memory was defined as all incorrect 

responses regardless of confidence. We also modeled high and low retrieval of previously 

imagined information separately, but we do not report on this data here.  Other trials, 

including omitted responses, were included as a separate trial type of no interest. 
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Validation of the paradigm: modality-specific activation of sensory regions 

To assess whether, in line with previous fMRI studies, activity in sensory regions was 

associated with imagery and retrieval in a modality-specific fashion (7, 60, 122, 182), we used 

a four-step approach for each modality separately. For the visual modality, we first compared 

the externally-presented items in the visual modality to those presented in the auditory 

modality (visual perception > auditory perception). Second, we identified regions related to 

visual mental imagery (visual high imagery > auditory high imagery). Third, we performed 

the same step for visual memory retrieval (visual high memory > auditory high memory). 

Fourth, we inclusively masked the resulting T-maps to look for overlaps between visual 

perception, visual imagery and visual retrieval. For each map, we used an uncorrected 

threshold of P < 0.023 with a cluster size of 8 for each map. Given that perception, imagery 

and retrieval were measured during independent trials, the joint probability can be calculated 

using the Fisher’s method, resulting in a joint probability of P < 0.001 (192). The same four 

steps were repeated for the auditory modality. 

Activation of modality-independent regions  

To assess overlap in activations of modality-independent regions involved in imagery and 

retrieval, we combined the visual and auditory trials. Next, we crossed the factors task 

(memory/imagery) and performance (low/high) design, and created conjunction maps (also 

at p < 0.01 uncorrected, c = 8) for all four combinations (1. [high > low memory] ^ [high > 

low imagery]; 2. [high > low memory] ^ [low > high imagery]; 3. [low > high memory] ^ 

[high > low imagery]; 4. [low > high memory] ^ [low > high imagery]). Given that 

perception, imagery, and retrieval were measured during independent trials, the joint 

probability can again be calculated using the Fisher’s method, resulting  also in a joint 

probability of P < 0.001  (192).  To assess whether the regions identified showed an activation 

pattern consistent with a modality-independent role, we extracted their mean cluster activity 

and checked whether the patterns were significant for both modalities at p < 0.05, 

uncorrected.  

 

Results 

Behavioral Data 

During the rating period of the imagery task, average response times (RTs) for the auditory 

condition were 597 ± 28 ms (mean ± sem) for low imagery and 584 ± 32 ms for high imagery. 

For the visual condition, they were 646 ± 38 ms for low imagery, and 551± 30 ms for high 

imagery. A repeated measures ANOVA of imagery (low/high) by modality (visual/auditory) 

showed a main effect of imagery (P = 0.0088) indicating that the ratings for high imagery 

trials were faster than those for low imagery trials. Although we found no main effect of 

modality (P = 0.62), we found a significant modality x imagery interaction (P = 0.0098), 

indicating a greater difference in RT’s between high and low memory for visual items. The 

percentage of high imagery items was significantly lower (P<.0001) for auditory (0.33 ± 0.04) 

than for visual (0.68 ± 0.05) imagery indicating that the auditory imagery task was more 

difficult than the latter.  
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During the retrieval period of the retrieval task, average RTs for the auditory conditions were 

2380 ± 72 ms for low memory and 2040 ± 50 ms for high memory. For the visual conditions, 

they were 2317 ± 72 ms for low memory, and 1945 ± 61 ms for high memory. A repeated 

measures ANOVA of memory (low/high) by modality (visual/auditory) showed a main effect 

of memory (P < 0.001). This is consistent with the assumption that low memory decisions are 

more effortful than high memory decisions. We also found a significant main effect of 

modality (P = 0.023), indicating that retrieval of auditory information was more difficult than 

retrieval of visual information. 

 

During the rating period of the retrieval task, average RTs for the auditory conditions were 

816 ± 44 ms for low memory and 732 ± 56 ms for high memory. For the visual conditions, 

they were 821 ± 45 ms for low memory, and 688 ± 47 ms for high memory. A repeated 

measures ANOVA of memory (low/high) by modality (visual/auditory) showed a main effect 

of memory (P < 0.001). Similar to the imagery ratings, these results indicate that high 

memory ratings were made faster than low memory ratings. Although, on the ratings, we 

found no main effect of modality (P = 0.13), we found a significant modality x memory 

interaction (P = 0.025), indicating a greater RT difference in rating between high and low 

memory for visual items.  Overall memory performance as assessed by the percentage of 

high-memory items was 0.47 ± 0.03. There was no significant difference (P = 0.092) between 

visually- (0.50 ± 0.03) and auditorily-presented (0.44 ± 0.03) items. 

 

fMRI data 

Validation of the paradigm: activation of sensory regions 

To assess the validity of our paradigm, we first looked to confirm previous fMRI studies of 

memory retrieval and mental imagery (7, 60, 182, 193). Confirming our prediction for the 

visual modality, we found common activity for visual perception, (visual perception > 

auditory perception), visual memory retrieval (visual high memory > auditory high memory) 

and visual imagery (visual high imagery > auditory high imagery) in the visual association 

cortex, including bilateral V3/V4 and the fusiform gyrus (see Figure 2), but not in auditory 

processing regions (see table 2). Likewise, confirming our prediction regarding the auditory 

modality, we found common activity for auditory perception, (auditory perception > visual 

perception), auditory memory retrieval (auditory high memory > visual high memory) and 

auditory imagery (auditory high imagery > visual high imagery) in auditory association 

cortex, including bilateral superior temporal gyrus (see Figure 2, but not in visual regions, see 

table 2). These findings clearly confirm the validity of our paradigm.  
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region side BA X Y Z T-PER T-RET T-IMG

auditory > visual

auditory cortex / superior temporal gyrus L 22/41 -60 -42 15 12.5 2.05 2.61

R 22/41 48 -39 6 7.90 3.25 2.27

inferor temporal gyrus L 20 -42 -6 -15 11.6 7.30 5.65

inferior frontal gyrus L 47 -54 9 18 8.59 6.20 8.37

caudate L - -15 6 9 6.43 3.24 3.95

R - 12 6 -6 7.12 3.05 2.19

visual > auditory

fusiform gyrus L 36/37 -27 -57 -15 15.0 6.12 5.78

R 36/37 27 -45 -15 23.2 5.54 4.45

visual cortex  (V3/V4) L 19 -42 -6 -9 11.8 4.04 7.91

R 19 42 -78 -15 10.1 3.15 7.88

parieto-occipital cortex L 19/39 -27 -72 24 8.55 2.98 9.40

R 19/39 45 -45 51 3.83 3.18 6.74

R 19/40 36 -60 42 3.61 2.84 4.11

parahippocampus R 19 12 -48 9 5.11 5.01 4.62

posterior cingulate cortex L 30 -18 -57 12 3.08 3.08 2.92

R 31 3 -33 36 4.29 4.90 3.22

Table 2: listing modality-dependent regions overlaping for perception, retrieval and imagery

 

Overlap and interactions between imagery and retrieval in modality-independent regions 

Table 3 and Figures 3-5 summarize the regions that displayed consistent patterns of activity 

for both auditory and visual modalities. Regions that did not show significant or trending 

activity for one of the modalities were not included in the table.  

Figure 2. Validation of the paradigm. Dark green: activation of visual regions related to perception, 

retrieval and imagery. Light green: activation of auditory regions related to perception, retrieval and 

imagery. Bar graphs (y-axis), indicate mean cluster activity (parameter estimates) for each regions, 

respectively from left to right: (1) auditory perception > visual perception, (2) visual perception > 

auditory perception, (3) auditory retrieval > visual retrieval, (4) auditory retrieval < visual retrieval, (5) 

auditory > visual imagery and (6) auditory < visual imagery. Lines reflect the standard error of the 

mean and asterisks annotate the significance of the difference between the auditory and visual activity. 
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Table 3. Regions showing patterns of activity common to auditory and visual modalities 
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Negative effect: Low vs. High Imagery and Retrieval  

As shown in Figure 3 and in line with our second prediction, ACC and DLPFC showed 

greater activity for low than high imagery, but also for low greater than high memory for 

both visual and auditory modalities. These findings are consistent with a recent study by 

Fleck (et al. 2006), who also contrasted high and low performance conditions, but instead 

tested a perceptual and a memory task. Similarly, they found increased activity in the ACC, 

DLPFC, as well as the dorsal precuneus, superior PFC and insula for low performance 

conditions. Here, we not only confirm their pattern of results, but extent them to mental 

imagery. Outside of our predictions but consistent with Fleck et al 2006, the dorsal part of the 

precuneus also showed a pattern associated with low performance regardless of modality. As 

outlined in the Introduction and Discussion sections, we interpret the activation in these 

regions as supporting effortful attention and monitoring processes. 
 

 

 

We also conducted a follow-up fMRI analysis to further clarify the role of the effort-related 

regions. Given that effortful processes are likely to be associated with slower response times 

also when performance is high, we conducted a follow-up response time analysis focusing on 

the high memory trials. For this purpose, we used a median split on the response times for 

each individual subject, generating fast and slow high memory trials. The other trial types 

were also part of the fMRI model, but not analyzed. As shown in Table 3, of the 

Figure 3. Negative effect: Low vs. High Imagery and Retrieval. Regions showing less activity for high than 

low trials regardless of task. Bars reflect the mean activity (parameter estimates on the y-axis) for each 

region contrasting the difference between high vs. low imagery and high vs. low retrieval. From left to right 

bars, show activity of dorsal precuneus (D.PREC), anterior cingulate cortex (ACC) and dorsolateral 

prefrontal cortex (DLFPC).  Lines reflect the standard error of the mean.  
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aforementioned regions, only ACC and dorsal precuneus showed a significant reaction time 

effect (RT: Slow—S > Fast—F, p < 0.05).  

Interaction I: Low vs. High Imagery and High vs. Low Retrieval 

Although we did not have clear predictions regarding cortical regions, we did expect an 

interaction between task (imagery/retrieval) and performance (low/high) in brain regions 

that have been previously associated with imagery and retrieval. As shown in Figure 4 and 

Table 3, the ventral precuneus, the medial part of the cingulate cortex (MCC) and right 

supramarginal gyrus showed greater activity for high than low memory, but also for low 

greater than high imagery.  

 

 

The finding of this pattern in ventral precuneus is very interesting, because it is one of the 

regions most consistently activated during tasks with a strong imagery component (15, 194). 

Yet, as far as we know, this region has not yet been linked to poor imagery performance. As 

explained in the Introduction and Discussion sections, we interpret the activation in these 

regions as supporting effortful (re)constructive processes. 

Figure 4. Interaction: Low vs. High Imagery and High vs. Low Retrieval. Regions showing less activity 

for high than low imagery trials, but greater activity for high than low retrieval trials. Bars reflect the 

mean activity (parameter estimates on the y-axis) for each region contrasting the difference between 

high vs. low imagery and high vs. low retrieval. From left to right bars, show activity of the 

supramarginal gyrus (SMG), medial cingulate cortex (MCC) and ventral precuneus (V.PREC). Lines 

reflect the standard error of the mean. Lines reflect the standard error of the mean. 
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Positive effect: High vs. Low Imagery and Retrieval  

As shown in Figure 5 and in line with our final prediction, the hippocampus, posterior 

cingulate cortex (PCC), angular gyrus and medial prefrontal cortex (mPFC) were associated 

with both imagery success (high > low imagery) and retrieval success (high > low memory, see 

table 3). These findings largely confirm results from previous studies showing overlapping 

activity in these regions during imagery and retrieval (12, 60, 113). The current results extent 

these findings by showing that these regions are specifically associated with successful, rather 

than unsuccessful, imagery and retrieval performance, and also operate in a modality-

independent fashion. As outlined in the Introduction section, we interpret the activation in 

these regions as supporting the conscious (re)experiencing of mental representations. 

 

 

Interaction II: Low vs. High Retrieval and High vs. Low Imagery 

Outside the scope of our predictions, left VLPFC showed a pattern opposite to 

(Re)construction. This region was associated with high retrieval, but with low imagery (see 

table 3). We did not anticipate this pattern based on the scheme depicted in Figure 1, but it 

might relate to the nature of our design. Left VLPFC has been strongly linked to semantic 

processes and language (125, 195). During successful imagery trials, the cue word should 

invoke appropriate semantic associations processed by left VLPFC regions, which 

subsequently leads to the activation of associated internal representations. A similar semantic 

Figure 5. Positive effect: High vs. Low Imagery and Retrieval. Regions showing more activity for high 

than low trials regardless of task. Bars reflect the mean activity (parameter estimates on the y-axis) 

for each regions contrasting the difference between high vs. low imagery and high vs. low retrieval. 

From left to right bars, show activity of the angular gyrus (ANG), posterior cingulate cortex (PCC) 

and hippocampus (HIP). Lines reflect the standard error of the mean.   
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generation strategy might be used during effortful retrieval when the same cue word does not 

immediately activate an appropriate visual or auditory memory trace. On the other hand, one 

could also argue that successful retrieval actually should lead to more semantic processing 

associated with the activated trace. Thus, despite the fact that left VLPFC has been strongly 

linked to semantic processing, the current data do not allow any strong conclusions 

regarding the role of this region in imagery and retrieval. 

Other analyses 

Although the conjunction analysis revealed similar patterns of activity for the visual and 

auditory modalities, effects could still be slightly larger for one modality. To clarify this issue, 

we directly compared the contribution of auditory and visual imagery during imagery and 

retrieval. As shown in Table 3 under the heading “A > V interaction”, only two of the 

aforementioned regions showed a small interaction between modality and the high vs. low 

differences. The supramarginal gyrus showed a greater low vs. high difference during 

auditory than visual imagery (P < 0.05) and the angular gyrus showed a greater high vs. low 

difference during visual than auditory imagery (P < 0.01). Given our interpretation of the 

supramarginal activity in terms of reconstructive effort (see Discussion section), we speculate 

that a greater difference for the auditory modality reflects relatively more reconstructive 

effort for auditory trials, possibly because of interference from the external scanner noise. 

Likewise, given our interpretation of the angular activity in terms of (Re)experiencing, we 

speculate that a greater difference for the visual modality reflects a relatively “richer” imagery 

experience during visual trials. Thus, although both parietal regions showed similar patterns 

of activity for visual and auditory modalities, we also note that these regions are not 

completely modality-independent. 

 

We also addressed a possible concern regarding differences in the rating procedures for the 

imagery and retrieval tasks, imagery quality vs. confidence ratings. In principal, these task 

differences should be subtracted out when comparing high and low trials separately within 

each task. However, this rationale only holds when rating processes are similar for high and 

low trials within each task. In fact, behavioral results indicated that rating RTs were actually 

faster for high compared to low trials in both tasks. To assess the effects of differences in 

rating RTs, we conducted an additional analysis selecting trials in such a way that the rating 

RT difference was reversed leading to slower rating RTs for high compared to low trials in 

both tasks. A detailed description of this analysis procedure is provided in the Supplemental 

Materials. As shown in Supplemental Figure 1 and Supplemental Table 1, this analysis 

yielded virtually the same results as the original analysis. This implies that our results cannot 

easily be attributed to differences in rating procedures. 

Discussion 
The current experiment identified three cortical networks contributing to different 

components of memory retrieval and mental imagery. First, we identified a network 

including the anterior cingulate cortex (ACC), superior/dorsolateral PFC, dorsal precuneus, 

and insular cortex that is associated with low performance in both tasks (negative effects). 

Second, we identified a network including ventral precuneus, the midcingulate cortex and 
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supramarginal gyrus that is associated with low imagery performance, but high memory 

performance (interaction effects). Third, we identified a network including posterior 

cingulate cortex (PCC), medial prefrontal cortex (mPFC), hippocampus, and angular gyrus 

that is associated with high performance during both imagery and retrieval (positive effects). 

Each network is discussed in a different section below. 

Regions associated with effort: the attention/monitoring network 

The first network including ACC, dorsal precuneus, superior/dorsolateral prefrontal cortex 

and bilateral insula showed activity associated with low performance during both imagery 

and retrieval independent of sensory modality (Figure 3). Following our assumption that low 

performance is associated with more effortful control processes, this finding suggests that 

these regions are associated with both imagery effort (low > high imagery) and retrieval effort 

(low > high memory). Interestingly, a follow-up response time analysis on the high memory 

trials revealed that ACC, and dorsal precuneus also showed greater activity during slow as 

compared to fast correct memory trials, whereas the superior/dorsolateral PFC, and the 

insula did not. These results generally confirm previous findings by Fleck and colleagues who 

separated the contributions of decision confidence and reaction times to the ACC and 

DLPFC activity during both a retrieval task and a perceptual decision task  (191). Whereas 

the ACC was associated more with slow response times, the DLPFC was associated more 

with low levels of confidence. Based on these results, Fleck et al. concluded that the ACC is 

involved in continuous conflict monitoring, whereas the DLPFC is involved in the evaluation 

of accumulated information and response selection. Although they focused their analyses on 

the ACC and DLPFC, the dorsal precuneus and insula were also associated with effortful 

processes during both memory retrieval and perception. As noted, the current results extent 

these memory and perception findings by indicating similar involvement of these regions in 

mental imagery.  

 

With respect to the specific role of the ACC, dorsal precuneus, and superior PFC/DLPFC 

these regions have each been linked to attentional processes involved in the careful 

monitoring of competing information activated by the Memory Search process (191, 196, 

197). Moreover, the perception task used in the study by Fleck et al. involved a complex size 

judgment, which also required careful evaluation of alternative options. Similar attentional 

processes have been suggested to play an important role in mental imagery by helping to 

initiate, inspect, and terminate the imagery process when a specific goal has been met (198). 

The ACC and DLFPC have repeatedly been linked to top-down attention mechanisms 

necessary for monitoring performance and cognitive control (199, 200). Also, the dorsal part 

of the precuneus is believed to support goal-directed imagery processes, and has been linked 

to selection of relevant details during mental imagery (201). Finally, superior PFC has been 

strongly linked to a frontoparietal top-down attention system (96, 202). Thus, the current 

findings linking these regions to general effort fit well with previous findings. At the same 

time, we believe that the insular cortex is not part of the attention/monitoring network. 

Activity in this region has been linked to performance failure in various tasks (98, 203), as 

well as to elevated levels of stress and arousal (204, 205). Thus, one possible explanation for 

this last finding is that insular activity during imagery and retrieval reflects excessive levels of 

arousal associated with performance failure.  



Memory retrieval versus mental imagery 

 65 

 

Regarding the attentional/monitoring network, it is important to note that in the model 

depicted in Figure 1, these attentional processes assist (re)construction as well as mental 

(re)experience  in cases  when imagery and retrieval attempts fail. In other words, we assume 

that this network plays a role throughout the entire process of imagery and retrieval. We 

should also note that, even though our behavioral and fMRI findings fit well with previous 

studies, we cannot exclude the possibility that some of the activations we found for the 

“effort” comparisons, reflect either inattention to or distraction from the stimuli and task. 

Regions associated with reconstruction: the working memory manipulation network 

The second network including the ventral precuneus, the midcingulate cortex and 

supramarginal gyrus was associated with high memory performance but with low imagery 

performance (Figure 4), a pattern that fits with (Re)construction. As outlined in the 

Introduction section, we assume that (Re)construction processes are associated with 

successful Trace Activation (high memory), but at the same time with low imagery 

performance. In line with retrieval models (185, 186), the latter assumption is based on the 

idea that (re)construction processes are recurrent and can be reinitiated when the generation 

of an appropriate mental representation fails (Figure 1). The finding that ventral precuneus is 

associated with (re)construction is surprising. Ventral precuneus is one of the regions most 

consistently activated during tasks that are heavily dependent on visual imagery (206, 207).  

For this reason, this region has even been dubbed “the mind´s eye” (206, 207). Here, we 

confirm the role of ventral precuneus in visual imagery, but our findings indicate that this 

region plays a similar role in auditory imagery. Moreover, our data suggest that activity in 

this region is not linked to successful imagery processes, but rather to effortful, reconstructive 

processes. 

 

Finding activity in the supramarginal gyrus, midcingulate cortex, and ventral precuneus 

associated with reconstructive processes raises the question what these processes actually 

represent. These regions are functionally connected together and also show strong 

projections to the frontal regions of the general effort network identified in the present study 

(208). Moreover, there is substantial evidence that these regions are all involved in processes 

that support the manipulation of information in working memory (209-211). Tasks that 

draw most heavily on working memory manipulation are those that require the planning of 

intermediate steps to solve a problem successfully (212, 213). FMRI studies have show that 

these regions are activated during problem solving tasks such as mental arithmetics, 

deductive reasoning and visuospatial planning (214-216). Moreover, damage to these regions 

results in a condition called dyscalculcia involving deficits in mental arithmetics (217), as well 

as in impoverished autobiographical memories, which lack in perceptual details (61). These 

patient findings could easily be accounted for by a deficient manipulation and reconstructive 

process. Thus, in general our findings of an involvement of the supramarginal gyrus, 

midcingulate cortex and ventral precuneus in (re)constructive processes fit well with 

previous studies linking these regions to working memory manipulation processes; indeed, 

the computational operations for integration of pieces of retrieved information into an 

imagined visual scene or auditory constructs may well overlap with those used for working 

memory manipulation. At the same time, we should acknowledge that other interpretations 
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of the imagery and retrieval activations in these regions are possible. For instance, despite the 

follow-up response time analysis (see Supplemental Materials), the interaction between 

imagery (low > high) and retrieval (high > low) may be related to the different types of 

ratings (quality vs. confidence) in the two tasks. Future research will be necessary to clarify 

this issue, for instance, by manipulating the constructive load of mental representations. 

Regions associated with (re)experiencing: the awareness/output buffer network 

The third network including posterior cingulate cortex, medial prefrontal cortex, 

hippocampus,  and angular gyrus were associated with both imagery success (high > low 

imagery) and retrieval success (high > low memory; Figure 5). As outlined in the 

Introduction section, we interpret this activation pattern as reflecting the actual 

(Re)experiencing of mentally generated representation. Together, these regions overlap with 

the so-called “default mode network” (DMN) (67). The DMN is a small network of brain 

regions that is activated during internally-oriented tasks and shows strong coherence in 

activity during rest (4). Despite a surge of recent interest in the functional significance of the 

DMN, the role of the DMN regions remains unclear. Below, we discuss some interpretations 

that can be tied to the involvement of the individual DMN regions in (Re)experiencing  as 

outlined in the present study. 

 

First, posterior cingulate and medial PFC have been strongly linked to awareness and self-

consciousness (105). For instance, during mental states that coincide with decreased 

awareness, such as sleep or anesthesia, activity in these regions becomes less pronounced and 

relatively incoherent (218, 219). Moreover, tasks that involve processing information relevant 

to our awareness of our self identity activate the same areas (105). These findings linking 

posterior cingulate and medial PFC to (self-) awareness fit well with a role of these regions in 

the conscious (re)experiencing of both past and imaginary events.  

 

Although resting state coherence studies have strongly linked the hippocampus to the DMN, 

task-based studies generally indicate that this region is not one of the “core” DMN regions 

(66, 97, 163, 190). Leading memory models assume that the hippocampus is involved in the 

formation of episodic memory traces, and plays a critical role in Trace Activation during 

memory retrieval (59, 139). At the same time, leading models of mental imagery assume that 

information derived from episodic memory plays an important role in successful 

(re)experiencing of mental representations (10, 198). In the model depicted in Figure 1, the 

involvement of episodic memory retrieval in mental imagery is indicated by the dotted 

arrow.  Strong support for a role of the hippocampus in imagery was provided by a recent 

study focusing on patients with hippocampal damage. In addition to severe episodic memory 

deficits, these patients show an impoverished ability to imagine fictitious events, even though 

these events never happened in their real lives (166). These findings clearly illustrate that 

episodic processes play an important role in mental imagery regardless of whether events 

truly occurred in the past.  Extrapolating these findings to our current results, we argue that 

the increase in hippocampal activity during (Re)experiencing reflects the activation of 

episodic information, which subsequently aids the (Re)construction process, and thereby, 

increases the chance that mental imagery will lead to successful (re)experiencing. 
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Despite the fact that the angular gyrus is one of the regions most consistently activated 

during successful memory retrieval, its role is still a matter of current debate (12). According 

to the episodic output buffer account, the angular gyrus forms a specialized working memory 

buffer for episodic-like information possibly coming straight from the hippocampus (12, 

157). A role for the angular gyrus in successful (Re)experiencing of both past and fictitious 

events supports the idea of an output buffer, that is sensitive to the amount and quality of 

information that is being generated in one’s mind (157). Thus, in general the link between 

the different DMN regions and (Re)experiencing fits well with previous findings and current 

ideas about the role of the individual DMN regions. 

Conclusions 

In this fMRI study, we compared the neural correlates of effort and success during episodic 

memory and mental imagery. We identified three different networks of brain regions. The 

first network – including dorsal precuneus, anterior cingulate and dorsolateral prefrontal 

cortex – showed a pattern common to imagery and retrieval and consistent with 

attention/monitoring processes. The second network – including ventral precuneus, 

midcingulate cortex and supramarginal gyrus – showed an interaction between task and 

performance. This pattern is consistent with (Re)constructive processes that manipulate 

information in working memory. Finally, the third network – including hippocampus, 

medial prefrontal cortex, posterior cingulate cortex and angular gyrus – was associated with 

successful performance regardless of task. This pattern is consistent with the conscious 

experiencing and working memory maintenance of the memory and imagery output.  This is 

the first study to separate the neural correlates of high and low performance for both imagery 

and retrieval. 
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Abstract 

The brain’s default mode network (DMN) is activated during internally-oriented tasks and 

shows strong coherence in spontaneous rest activity. Despite a surge of recent interest, the 

functional role of the DMN remains poorly understood. Interestingly, the DMN activates 

during retrieval of past events but deactivates during encoding of novel events into memory. 

One hypothesis is that these opposing effects reflect a difference between attentional 

orienting towards internal events, such as retrieved memories, vs. external events, such as to-

be-encoded stimuli. Another hypothesis is that hippocampal regions are coupled with the 

DMN during retrieval but decoupled from the DMN during encoding. The present fMRI 

study investigated these two hypotheses by combining a resting-state coherence analysis with 

a task that measured the encoding and retrieval of both internally-generated and externally-

presented events. Results revealed that the main DMN regions were activated during retrieval 

but deactivated during encoding. Counter to the internal orienting hypothesis, this pattern 

was not modulated by whether memory events were internal or external. Consistent with the 

hippocampal coupling hypothesis, the hippocampus behaved like other DMN regions during 

retrieval but not during encoding. Taken together, our findings clarify the relationship 

between the DMN and the neural correlates of memory retrieval and encoding. 
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Introduction 
Neuroimaging studies have identified a network of brain regions, including ventral parietal, 

posterior cingulate, medial frontal, and hippocampal regions, which have been consistently 

linked to conscious rest. These regions show more activity during passive baseline than active 

task conditions (66, 104, 220) and also show strong coherence during rest (72, 77, 174). 

According to an influential theory, the default mode hypothesis, these regions form a default 

mode network (DMN) engaged in specific processes that normally occur during the 

conscious resting state (67). This hypothesis further holds that DMN regions are 

continuously active, but momentarily shut down when available resources are needed for 

efficient cognitive performance, giving rise to deactivation in these areas. The interest in the 

functional significance of the DMN has increased by indications of deviations from normal 

DMN activity in various clinical populations, including patients with Alzheimer’s dementia 

(83, 86, 221, 222), schizophrenia (87, 88), and autism (90). Yet, despite all this interest, there 

is still considerable debate about the specific cognitive processes that are mediated by the 

DMN.  

 

Interestingly, regions seemingly overlapping with the DMN have also been associated with 

retrieval of past events – or episodic memory retrieval. Event-related fMRI studies of episodic 

retrieval found that these regions show greater activity when previously studied items are 

correctly retrieved than when they are forgotten (12, 40, 106, 140, 223). It has been suggested 

that these regions are involved in processes supporting successful retrieval (12). In sharp 

contrast, fMRI studies focusing on the study phase of episodic memory – also referred to as 

memory encoding – suggest that the same regions are associated with unsuccessful encoding 

(99). These studies found that these regions show less activity during encoding for items that 

are later remembered than for those that are forgotten  (31, 32, 98, 106, 224). We recently 

confirmed that these opposing patterns, of encoding decreases and retrieval increases, 

actually occur in overlapping brain regions (97). Yet, the functional significance of this 

encoding/retrieval flip pattern, in relation to the DMN remains unclear. 

 

According to one account – the internal orienting hypothesis – the DMN is activated during a 

variety of conditions involving internally-oriented attention (4, 12). The DMN is not only 

active during rest and retrieval, but also during other internally-oriented task conditions, 

including thinking about the past and the future (114, 180), self-referential processing (165), 

and visual imagery (113). At the same time, the DMN shows deactivation during demanding 

tasks requiring externally-oriented, rather than internal, attention (104). Extrapolating these 

findings to memory, the internal orienting account holds that during successful retrieval, the 

DMN shows enhanced activity due to the orienting of attention to internalized mnemonic 

representations. In contrast, during successful encoding of study items, which is strongly 

dependent on externally-oriented attention (116), the DMN should show deactivation due to 

the efficient suppression of internally-oriented thoughts (104). Despite the plausibility of this 

account in relation to memory, the role of internal attention in memory-related DMN 

activations has never been tested. 
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Another possibility is that the involvement of the DMN in encoding and retrieval is not 

related to whether attention is oriented to internal or external events but to whether the HF is 

coupled or uncoupled with other components of the DMN. Although resting state coherence 

studies have associated the HF with DMN (72, 83, 174), in memory studies HF and DMN 

may show similar or different activation patterns depending on the memory phase, encoding 

or retrieval. During successful retrieval, HF activity tends to increase just like other 

components of the DMN (40, 225). During successful encoding, however, HF activity tends 

to increase (40, 226) whereas DMN activity tends to decrease (31, 32, 98, 106, 224). Thus, one 

possible explanation of the memory functions of the DMN is that the DMN is beneficial to 

memory when it is coupled with the HF, as in the case of retrieval, but it is not beneficial to 

memory when it is uncoupled with the HF, as in the case of encoding. Although this 

hippocampal coupling hypothesis is consistent with available evidence, it has never been 

directly tested within the same participants and the same experiment. 

 

 

In the present study, we combined resting-state and task-based fMRI to assess the internal 

orienting and hippocampal coupling hypotheses regarding DMN involvement in episodic 

encoding and retrieval. To ensure regional overlap between the DMN and episodic memory 

activations, we first identified the DMN based on a resting-state coherence analysis in one 

group of participants. Next, we probed the identified DMN regions for their involvement in 

episodic encoding and retrieval in a different group of participants. To test the internal 

orienting and hippocampal coupling hypotheses, we used a memory task including encoding 

and retrieval of both internally-generated (internal condition—Int) and externally-presented 

(external condition—Ext) events (Figure 1). During Int-Enc, subjects imagined sounds or 

Figure 1. Experimental Task: Encoding trials consisted of three periods: a 1-second cue period, a 3-

second encoding period, and a 1.5-second rating period. During the cue period, participants were 

introduced with a cue word together with an icon that indicated the trial condition. During the 

encoding phase, dependent on the icon, they either imagined an image or sound associated with the 

word (internally oriented conditions: Int-Enc) or they either perceived a sound or image associated 

with the word (externally oriented conditions: Ext-Enc). During the rating period, participants rated 

the imagery quality or perceptual richness of their experience. Retrieval trials, presented on the 

subsequent day, consisted of two periods, a 4-sec retrieval period, and a 1.5-sec confidence rating 

period. During the retrieval period, participants viewed the cue words from the previous day and 

retrieved the correct encoding source (1 = imagined sound, 2 = heard sound, 3 = imagined image, 4 = 

observed image). During the confidence rating period, they rated their confidence about their retrieval 

decision (“unsure”/”sure”).  
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pictures associated with a cue word (e.g., “duck”). During Ext-Enc, they listened to sounds 

(e.g., the “quack” sound of a duck) or observed pictures (e.g., picture of a duck) associated 

with the cue word. The next day, participants’ retrieval of the events was tested unexpectedly 

with a source memory task. This paradigm allows the comparison of successful memory 

activations for internal and external events during both encoding and retrieval phases, and 

thereby, for a direct test of the internal orienting and hippocampal coupling accounts.  

 
We tested three straightforward predictions based on previous fMRI studies of resting state 

coherence, encoding, and retrieval. First, on the basis of evidence from separate studies of 

encoding (12, 40, 140, 223) and retrieval (31, 32, 98) as well as our previous findings (97, 

106), we predicted that DMN activity will be decreased during external encoding (Ext-Enc) 

but increased during external retrieval (Ext-Ret), that is the encoding/retrieval flip pattern. 

Second, as shown in Table 1, we tested the prediction of the internal orienting hypothesis that 

successful encoding should be associated with reduced DMN activity only when the 

information to be encoded is external, and hence disrupted by an internal orientation, but 

not when this information is internally-generated. The internal-external manipulation 

should not affect DMN involvement during retrieval because retrieval is always internally-

oriented. Finally, we tested the prediction of the hippocampal coupling account that DMN 

activity should be associated with successful memory operations when it is coupled with the 

HF, which should occur during Int-Ret and Ext-Ret, but not when it is uncoupled with the 

HF, which should occur during both Int-Enc and Ext-Enc (Table 1). 

 

Internal orienting Hippocampal coupling

Successful Encoding

Internal + -

External - -

Successful Retrieval

Internal + +

External + +

Table 1. Predictions of the two accounts regarding DMN 

 

Materials and Methods 

Resting state scans 

Participants 

Resting state scans were acquired from twenty-two participants (14 female, mean age 23) 

recruited from the University of Amsterdam community. All participants were in good 

health and right-handed. Their native language was Dutch and they were paid 25 euro for 

participation. Participants gave their informed consent and the study met all criteria for 

approval of the ethical board of the Amsterdam Medical Center. 
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Data acquisition 

Functional MRI images were collected on a Phillips Intera 3.0T using a 6-channel standard 

SENSE head coil and a T2* sensitive gradient echo  sequence (96 x 96 matrix, TR 2000 ms, 

TE 30 ms, FA 80º, 34 slices, 2.3 mm x 2.3 mm voxel size, 3-mm thick transverse slices).  

Additionally, a high-resolution T1-weighted structural scan (256 x 256 matrix, TR 12 ms, TE 

5ms, FOV 24 cm, 68 slices, 1 mm slice thickness) was collected.  For the resting state scans, 

two 8-minute rest blocks were collected from each participant. Each block consisted of a 

black screen with a white fixation cross-hair in the center. Although not reported here, 

during the resting state scans, heart rate and respiration were recorded using four 

electrocardiogram electrodes fixed to the subjects’ chest and a respiration band placed at the 

level of the abdomen. Participants were instructed to keep focused on the cross-hair during 

scanning.  

Analysis 

Statistical Parametric Mapping (SPM5; http://www.fil.ion.ucl.ac.uk/spm) software was used 

to preprocess and analyze the MR data. The images were slice-time and motion-corrected, 

and then normalized. First, individual normalization parameters were obtained by 

normalizing the segmented structural scan of each subject using the Montreal Neurological 

Institute (MNI) T1 template image. These normalization parameters were then applied to the 

functional images. Next, the normalized functional images were resliced to a resolution of 

3x3x3 mm and spatially smoothed using an 8-mm isotropic Gaussian kernel.   

For the resting state coherence analysis, we used the Group ICA fMRI toolbox (GIFT v2.1, 

http://software.incf.org/software/group-ica-toolbox-gift-and-eegift/home) developed by 

Calhoun and colleagues (227). We entered subjects and the two rest runs as experimental 

factors and used all the default settings of the GIFT software (20 components, Infomax 

algorithm). Next, we averaged the two runs for each subject, and subsequently used SPM5 to 

conduct a random effects analysis on the resulting coherence maps. Regions were classified as 

significant when they exceeded an FDR-corrected threshold of p < 0.005, and a cluster extent 

threshold of 25 voxels. 

 

Task-based experiment 

Participants 

Twenty-one additional participants (16 female, mean age 22) from the University of 

Amsterdam took part in the task-based experiment, and were paid 65 euro for participation.  

Stimuli 

The stimuli consisted of 468 Dutch cue-words (nouns) matched with 468 corresponding 

images and 468 corresponding sounds. The matched sounds were 2-channel stereo with a 

sample rate of 22 kHz, 16 bit sample size,  WAV-format, with a duration of 3 seconds. The 

matched images consisted of 640x480 pixels, 16-bit color, BMP-format and were also 
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presented for a duration of 3 seconds. To mimic the dynamical characteristic of sounds the 

images faded-in (1 sec), stayed on the screen (1 sec) and then faded-out (1 sec). The cue-

words were selected so that they could call to mind both an image and a sound. For example, 

the word “airplane” can evoke both a visual image of a plane or the sound of its engines.  

Procedure 

The fMRI experiment consisted of an encoding phase, and a retrieval phase the next day. The 

encoding task consisted of six experimental runs, each containing 76 trials, yielding a total of 

456 trials. Each trial consisted of three parts, a 1-second cue phase, a 3-second encoding 

period, and a 1.5-sec rating period (Figure 1). During the cue phase, a word was shown in the 

middle of the screen together with one of four icons, which indicated the specific trial 

condition. During the 3-second encoding period, subjects either imagined an image or sound 

(Internal encoding orientation – Int-Enc) associated with the cue word, or perceived an 

image or sound (Internal encoding orientation – Ext-Enc) associated with the cue word. 

During the rating period, participants rated on a 4-point scale (1 = low, 4 = high) either the 

subjective quality of the imagery experience during Int-Enc trials or the perceptual richness 

of the stimulus during Ext-Enc trials. For the purpose of the present study, these ratings were 

not used in the fMRI analyses. Individual encoding trials were jittered between 100 and 2100 

msecs. 

 

Before starting the actual experiment, subjects were given a brief 20-trial practice session to 

test the volume of the headphones and to habituate to the scanner noise. To ensure a 

balanced design, the cue words were randomly assigned to the conditions for each individual 

subject. Moreover, to ensure a sufficient number of trials in each of the four conditions, we 

used 132 trials for the auditory imagery trials because of expected difficulty, and 108 trials for 

the other conditions. The order of presentation of the stimuli was pseudorandomized in such 

a way that no two consecutive trials were of the same condition. Participants were instructed 

to keep their eyes open during imagery trials to match Ext-Enc and were not told about the 

memory retrieval task the next day. The next day, participant received a surprise source 

retrieval task. This retrieval task also consisted of six experimental runs and included the 

same number of trials as the encoding task.  Trial duration and jittering of the trials was also 

identical to the encoding task. Retrieval trials consisted of two phases. During the first phase 

(3000 msec), one of the cue-words from the encoding task was presented again, and 

participant’s indicated the correct encoding source (1 = imagined sound, 2 = heard sound, 3 

= imagined image, 4 = observed image). During the second phase (1500 ms), the participants 

rated the confidence of their judgment (“unsure”/”sure”).  

Data acquisition 

The scanner and scan parameters were the same as for the resting state scans. Auditory 

stimuli were presented via a MR-compatible headphone with passive noise dampening (MR 

Confon). Behavioral responses were collected by an MR-compatible four-button box 

(Lumitouch).  
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Analysis 

Preprocessing of the imaging data was done in the same way as for the resting state scans. For 

the analysis we used SPM5 (http://www.fil.ion.ucl.ac.uk/spm/software/spm5/). Trial-related 

activity was assessed by convolving a vector of the onset times of the stimuli with a synthetic 

hemodynamic response function (HRF). The general linear model (GLM), as implemented in 

SPM5, was used to model the effects of interest as well as other confounding effects (scanner 

drift and motion). Statistical Parametrical Maps were identified for each participant by 

applying linear contrasts to the parameter estimates (beta weight) applying to the events of 

interest, resulting in a t-statistic for every voxel. Random effects analyses were employed to 

calculate group effects.  

 

Separate GLMs were set up for encoding and retrieval. For each GLM, we coded four relevant 

trial types based on the outcome at retrieval. For encoding, these included Ext-Enc hits (later 

remembered) and misses (later forgotten), and Int-Enc hits and misses.  Similarly for 

retrieval, these included Ext-Ret hits and misses, and Int-Ret hits and misses. Hits only 

included trials that were coupled with high confidence (“SURE”), whereas misses were 

collapsed across high and low confidence ratings. Low confidence hits and time outs were 

also included in the models, but not further analyzed.  To investigate the role of the DMN 

regions in encoding and retrieval we used a region-of-interest (ROI) approach using the 

clusters identified by the resting state analysis. Next, we conducted a performance (successful 

vs. unsuccessful) by orientation (internal vs. external) repeated measures ANOVAs for 

encoding and retrieval separately. 

Results 

Behavioral results 

During encoding, response times for the ratings following the encoding period for Ext-Ret 

were 545 +/- 19 msec for hits and 554 +/- 16 msec for misses. Response times for Int-Ret 

were 595 +/- 30 msec for hits and 594 +/- 26 msec for misses. Response times were 

significantly faster for Ext-Ret than Int-Ret for both hits and misses (hits, p = 0.020; misses, p 

= 0.044).  

 

During retrieval, response times for the source retrieval judgments for Ext-Ret were 1978 +/- 

55 msec for hits and 2349 +/- 71 msec for misses. Response times for Int-Ret were 2142 +/- 

65 msec for hits and 2352 +/- 73 msec for misses. Response times were significantly faster for 

Ext-Ret than Int-Ret hits but not misses (hits, p < 0.0001; misses p = 0.91). Response times 

for the confidence ratings for Ext-Ret were 704 +/- 50 msec for hits and 818 +/- 44 msec for 

misses. Response times for Int-Ret were 791 +/- 48 msec for hits and 821 +/- 45 msec for 

misses. Once more, response times were significantly faster for Ext-Ret than Int-Ret hits but 

not misses (hits, p < 0.0001; misses p = 0.68).  

 

Trial percentages for Ext-Ret were 46.9 % +/- 2.7 hits, and 41.5 % +/- 2.3 misses. Trial 

percentages for Int-Ret were 33.8 % +/- 2.5 hits, and 45.6 % +/- 2.2 misses. In general, 

memory performance was better for Ext-Ret than for Int-Ret (hits, p = 0.0002; misses p = 
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0.10).  Thus, both RT and accuracy analyses indicate that encoding and retrieval conditions 

were more difficult for internal than external conditions. 

 

As behavioral evaluation of the paradigm, we expected that better imagery during encoding 

(Int-Enc) would result in better subsequent memory for internal events during Int-Ret. To 

test this prediction, we correlated the 4-point imagery quality rating with the percentage of 

hits during Int-Ret for each individual subject (average percentages: rating “1” = 21.23 ± 3; 

“2” = 29.86 ± 3; “3” = 44.81 ± 3; “4” = 55.24 ± 3). Confirming the validity of our paradigm, 

the average correlation was very high (R = 0.85 ± 0.06), and very significant (p << .0001). 

Thus, these results clearly indicate that high-quality imagery during Int-Enc leads to stronger 

memories during Int-Ret. 

fMRI results 

Resting state coherence map 

The ICA analysis yielded only one component that showed strong regional similarities with 

previously reported DMN maps (72, 77, 174). As shown in Figure 2 and Table 2, these 

regions included posterior cingulate cortex (23/31), ventral parietal cortex (BA 39/40), 

medial prefrontal cortex (BA 9/10), and left superior prefrontal cortex (sPFC). Results are 

reported using Montreal Neurological Institute (MNI) coordinates. Importantly, similar to 

previous coherence studies (72, 174), HF was also included in this component.  

 

fMRI evaluation of the internal/external encoding paradigm 

To evaluate the fMRI paradigm, we assessed whether, similar to a recent study of mental 

imagery by Maguire and colleagues (113),  the DMN regions would show more activity 

during the imagined events (Int-Enc) than during the externally-presented events (Ext-Enc). 

As shown in Figure 2 and Table 3, a memory (successful/unsuccessful) x orientation 

(internal/external) repeated measures ANOVA indicated that the DMN regions, except for 

HF and mPFC, all showed a significant main effect of orientation, reflecting higher overall 

activity for Int-Enc than Ext-Enc. Together with the previous findings by Maguire and 

colleagues, these results clearly indicate that participants were performing the Int-Enc/Ext-

Enc task as instructed. 

 
Table 2. Regions identified in resting-state analysis

Region Hemisphere BA X Y Z

Posterior Cingulate Ctx. Right 7/23/31 6 -54 24

Ventral Parietal Ctx. Left 19/39/40 -45 -75 30

Right 19/39/40 51 -66 30

Hippocampal Formation Left - -21 -39 -15

Right - 27 -21 -15

Medial Prefrontal Ctx. Right 9/10 3 51 24

Superior Prefontal Ctx. Left 8 -30 21 51  
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Figure 2. fMRI Results:Brain regions identified by the resting state analysis are depicted in blue 

(p<0.005, FDR corrected, cluster size > 25 voxels): (A) posterior cingulate cortex, (B) ventral 

parietal cortex, (C) medial and (D) superior prefrontal cortex and (E) hippocampal formation. Bar 

graphs indicate mean cluster activity based on the memory-task (averaged over left and right sides 

in the case of bilateral activations). Left bar graphs show activity during encoding for internal (Int) 

and external (Ext) orienting conditions combined over hits and misses. Right bar graphs reflect the 

difference in activity between hits and misses for encoding (Int-Enc / Ext-Enc) and retrieval (Int-

Ret / Ext-Ret). Vertical lines indicate SEMs.  
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The encoding/retrieval flip pattern 

Following our previous findings (97, 106), we predicted that the DMN would show the 

encoding/retrieval flip pattern for externally presented stimuli (Ext-Enc/Ext-Ret). 

Confirming this pattern, we found that the main DMN regions (4) – PCC, VPC, and mPFC – 

all showed greater activity during successful Ext-Ret, but less activity during successful Ext-

Enc (Figure 2A-C, Tables 3 and 4). Given that our previous findings focused on PCC and 

VPC, the current findings not only confirm the encoding/retrieval flip pattern in these 

regions, but also extent it to mPFC. 

 
Table 3. Main effects and interactions during episodic encoding

Region Effect P value

Posterior Cingulate Orientation 0,0004

Memory < 0.0001

Memory x Orientation 0,30

Ventral Parietal Ctx. Orientation 0,0006

Memory 0,010

Memory x Orientation 0,30

medial PFC Orientation 0,17

Memory 0,0024

Memory x Orientation 0,62

Superior PFC Orientation < 0.0001

Memory 0,78

Memory x Orientation 0,20

Hippocampal formation Orientation 0,19

Memory 0,024

Memory x Orientation 0,72  

Evidence against the internal orienting account 

The internal orienting hypothesis predicts that the internal/external manipulation should not 

affect DMN involvement during retrieval because retrieval is always internally-oriented. In 

other words, we expected increased DMN activity to be associated with successful retrieval 

regardless of internal or external memory orientation. As shown in Table 4 and Figure 2, 

results generally confirmed this prediction. Except for superior PFC, all DMN regions 

including HF showed a significant main effect of memory, and no memory x orientation 

interaction. The internal orienting hypothesis also predicts that successful encoding should be 

associated with reduced DMN activity only when the information to be encoded is external 

(Ext-Enc), and hence disrupted by an internal orientation, but not when this information is 

internal. In other words, this account predicted a memory (successful, unsuccessful) x 

orientation (internal, external) interaction during encoding. As shown in Figure 2 and Tables 

3 and 4, none of the DMN regions showed a significant interaction.  Thus, overall, our 

findings do not support the internal orienting hypothesis. As illustrated in Tables 3 and 4, 

whereas our retrieval findings are in agreement with the internal orienting hypothesis, our 

encoding findings clearly are not.  
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Region Effect P value

Posterior Cingulate Orientation 0,55

Memory < 0.0001

Memory x Orientation 0,41

Ventral Parietal Ctx. Orientation 0,48

Memory 0,020

Memory x Orientation 0,65

medial PFC Orientation 0,95

Memory 0,002

Memory x Orientation 0,82

Superior PFC Orientation 0,97

Memory 0,66

Memory x Orientation 0,53

Hippocampal formation Orientation 0,94

Memory < 0.0001

Memory x Orientation 0,082

Table 4. Main effects and interactions during episodic retrieval

 

Evidence for the hippocampal coupling account 

The hippocampal coupling account predicts that HF regions will show increased activity, 

together with the DMN regions during successful retrieval regardless of internal/external 

orientation. As noted, in line with this prediction (see Table 1), all DMN regions including 

HF showed a significant main effect of memory, and no memory x orientation interaction 

(Table 4, Figure 2). The hippocampal coupling account also predicts that HF regions will 

show increased activity during successful encoding, but the DMN regions decreased activity, 

regardless of internal/external orientation. In line with this prediction, as illustrated in Table 

3 and Figure 2, we found that the DMN regions, except for superior PFC, showed a negative 

main effect of memory, whereas HF showed a positive main effect of memory. None of these 

regions showed a significant interaction effect between memory and orientation during 

encoding. Overall, these findings provide clear support for the hippocampal coupling, but not 

for the internal orienting, hypothesis. 

 

 

Figure 3. HF-DMN coherence: Comparison of hippocampal formation (HF) and posterior cingulate 

cortex (PCC) coherence with the default-mode network (DMN) during encoding (ENC) and retrieval 

(RET). The blue map represents the default-mode component identified by the resting-state analysis 

(P < 0.005, FDR corrected). The yellow maps represent a similar component identified by an ICA 

analysis on the memory-task. The bars indicate the relative coherence of the HF-PCC with the DMN 

during encoding and retrieval (HF coherence encoding vs retrieval, p = 0.0002). For illustrative 

purposes, we also plotted the results for PCC, which was positively coupled with the overall component 

during both encoding and retrieval. 
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Follow-up analyses: HF-DMN coherence during encoding vs. retrieval 

To explore the hippocampal coupling account further, we used group ICA to identify task-

related coherence within the DMN combining the encoding and retrieval runs. As shown in 

Figure 3A, this analysis resulted in one overall group component that matched the 

component identified by the previous resting state analysis.  Next, we sorted the 

contributions of each individual run for the encoding and retrieval phases separately, and 

then generated a run average map for each memory phase and for each subject. Subsequently, 

we extracted mean coherence estimates for encoding and retrieval separately from these 

maps using the clusters identified by the resting state analysis. Even though we assessed 

DMN coherence over the whole task – including cue and rating phases – the group ICA 

results confirmed the event-related GLM analysis (Figure 3). HF was negatively coupled with 

the DMN regions during encoding, but positively coupled during retrieval (HF coherence 

encoding vs retrieval, p = 0.0002). For illustrative purposes, we also plotted the results for 

PCC, which was positively coupled with the overall component during both encoding and 

retrieval. 

Angular gyrus vs. Supramarginal gyrus/TPJ 

The ventral parietal cortex includes two subregions: angular gyrus (ANG) and supramarginal 

gyrus/temporoparietal junction (TPJ). It has recently been proposed that the ventral parietal 

region showing a negative encoding success involves the TPJ rather than ANG (99). At the 

same time, it has been proposed that ANG but not TPJ is associated with the DMN and the 

retrieval success network (4, 96, 228). Although we clearly found evidence for an 

encoding/retrieval flip in overall VPC activity, it is possible that any functional differences 

between ANG and TPJ were obscured, since we used mean VPC cluster activity. To explore 

this issue further, we split the VPC region identified by the resting state scans into its two 

subregions by using the Wake Forest PickAtlas toolbox (http://fmri.wfubmc.edu) and selecting 

“supramarginal gyrus” and “angular gyrus”.  

 

Table 5. Angular gyrus vs. Supramarginal gyrus/TPJ

Phase Effect P value

Encoding Region 0,029

Memory 0,0002

Orientation < 0.0001

Region x Orientation 0,87

Region x Memory 0,10

Memory x Orientation 0,25

Region x Memory x Orientation 0,18

Retrieval Region

Memory 0,0084

Orientation 0,30

Region x Orientation 0,89

Region x Memory 0,23

Memory x Orientation 0,76

Region x Memory x Orientation 0,082  
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Next, we conducted a Region (ANG, TPJ) x Memory (Successful, Unsuccessful) x 

Orientation (Int/Ext) repeated measures ANOVAs for encoding and retrieval separately. As 

shown in Figure 4 and Table 5, besides a main effect of Region, we did not find significant 

interaction effects with Region during encoding. During retrieval, there was only a trending 

Region x Memory x Orientation interaction. In general, these results do not support a 

functional dissociation within VPC regarding the encoding/retrieval flip pattern. 
 

 

Discussion 
The study yielded three main findings. First, in line with our predictions, the main DMN 

regions, posterior cingulate cortex (PCC), ventral parietal cortex (VPC), and medial 

prefrontal cortex mPFC all showed an encoding/retrieval flip for externally-presented events. 

Decreased activity in these regions was associated with successful Ext-Enc, but increased 

activity with successful Ext-Ret. Second, in disagreement with the internal orienting account, 

the encoding decrease occurred regardless of whether events were internally-generated (Int-

Enc) or externally-presented (Ext-Enc). Finally, in line with the hippocampal coupling 

hypothesis, the hippocampal formation (HF) showed an exception to this pattern. Increased 

activity was associated with successful Int-Enc and Ext-Enc as well as Int-Ret and Ext-Ret. 

Below, we discuss these findings in relation to the encoding/retrieval flip within the DMN, as 

well as the internal orienting and hippocampal coupling accounts of the flip pattern. 

The encoding/retrieval flip pattern 

The main DMN regions, posterior cingulate, ventral parietal cortex, and mPFC, showed 

opposite levels of activity for successful Ext-Enc and successful Ext-Ret, i.e. the 

encoding/retrieval flip pattern. The finding that these regions show less activity during 

successful encoding, but increased activity during successful retrieval, confirms our previous 

findings (97, 98). Based on the finding that the DMN regions tend to show deactivation 

during efficient cognitive performance (104),  we have proposed that this pattern represents 

Figure 4. fMRI Result: Direct comparison of two ventral parietal regions: the angular gyrus (ANG – 

blue) and supramarginal gyrus/temporoparietal junction (TPJ - yellow). Bar graphs indicate mean 

cluster activity based on the memory-task (averaged over left and right sides. Left bar graphs show 

activity during encoding for internal (Int) and external (Ext) orienting conditions combined over hits 

and misses. Right bar graphs reflect the difference in activity between hits and misses for encoding 

(Int-Enc / Ext-Enc) and retrieval (Int-Ret / Ext-Ret). Vertical lines indicate SEMs. 
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an efficient memory mechanism by which normal default mode processes, such as 

spontaneous thought (229), are suppressed to allow successful encoding (97, 98). At the same 

time, the finding that these regions show more activity during successful retrieval is in line 

with the view that episodic retrieval constitutes a prominent part of the default mode (4, 

174). The present study provides strong support for this view by showing functional overlap 

between task-based retrieval success regions and the DMN as defined by a resting-state 

coherence analysis. Together with the encoding results, our findings support the idea that 

episodic retrieval is part of the default mode of the brain, whereas episodic encoding is not, 

and actually benefits from suppression of DMN activity.  

Evidence against the internal orienting account 

The internal orienting hypothesis states that focusing attention internally would be 

detrimental to encoding when study items are externally-presented (Ext-Enc), but it would 

be beneficial when these events are internally-generated (Inc-Enc). In other words, this 

account predicts that decreased activity in the DMN regions should be associated with 

successful Ext-Enc, but increased activity with successful Int-Enc. As evaluation of our 

internal/external manipulation, we compared activity in the DMN regions regardless of 

memory. In line with previous results (113), we found that the DMN regions generally 

showed more activity during Int-Enc than Ext-Enc conditions. Yet, counter to the internal 

orienting account, we found that, except for HF, the DMN regions generally showed 

decreased activity during successful encoding regardless of internal/external orientation. This 

finding argues against the idea that the DMN regions underlie an internal attention system. 

 

We should stress that our findings do not automatically discount the internal orienting 

hypothesis. As noted, the DMN is not only active during mental imagery, but during various 

other internally-oriented tasks, including self-referential processing (165), envisioning the 

future (114), and thinking about another person’s perspective (230). In this respect, it is 

conceivable that, in the current study, the DMN was not only active during goal-directed 

internal operations that are relevant for mental imagery and the encoding of internal events, 

but also during spontaneous internal processes that are intrusive and not relevant to the task 

at hand. In other words, the fact that more DMN activity is also detrimental to encoding of 

internal events might be because, activity for task-irrelevant internal processes outweighs the  

activity for task-relevant internal processes, leading to less rather than more overall activity 

during successful Int-Enc. Yet, as discussed below, there is an alternative attentional account 

that can provide a better description of our results. 

 

Evidence for the hippocampal coupling account 

In line with the hippocampal coupling hypothesis, HF showed an exception to the DMN 

encoding/retrieval flip pattern. Although large portions of both left and right HF were 

identified by as part of the DMN by the resting state analysis, this region showed a different 

activation pattern. Rather than an encoding/retrieval flip and regardless of encoding 

orientation (Int-Enc/Ext-Enc), increased activity in HF was not only associated with 

successful retrieval, but also with successful encoding. This finding further substantiates 

overwhelming evidence indicating a critical role of HF in both encoding and retrieval (57, 59, 
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231). To investigate the coherence between HF and the other DMN regions further, we 

conducted an additional task-based ICA analysis (see follow-up analysis), which confirmed 

the previous trial-based analysis. This is the first study to clearly show that HF was coupled 

with the other DMN regions during retrieval, but decoupled during encoding (Figure 3). 

These findings raise some important questions regarding the precise link between HF and the 

DMN.  

 

Based on the fact that fMRI coherence studies (83, 174) have strongly linked HF to the DMN, 

it has been proposed that the DMN is actually a hippocampal memory network mediating 

episodic memory and other internally-oriented operations (4, 12, 174) including thinking 

about the future (114), self-referential processing (165), and mental imagery (113). Recently, 

Hassabis and Maguire proposed that these operations all involve the common process of 

“scene construction”, defined as the process of mentally generating and maintaining a 

complex and coherent scene or event (10). They further showed that  conditions requiring 

scene construction without episodic memory content, such as mental imagery of fictitious 

events, also activate HF (113). Moreover, patients with HF damage show pronounced deficits 

in mental imagery of complex fictitious scenes (166). Animal studies also link HF to the 

DMN. These studies have not only shown strong connections between HF and components 

of the DMN at the neuroanatomical level (170, 232), but also at the neurofunctional level 

(233, 234). Yet, despite these findings linking HF to the DMN,  the current results clearly 

show that, at least during memory performance, the coherence between DMN and HF is not 

universal, but dependent on the type of memory operation, either encoding or retrieval. 

More generally, the current findings are in favor of the hippocampal coupling hypothesis and 

indicate that HF is not among the core DMN regions. Further research is necessary to 

characterize the precise conditions under which HF is coupled to the DMN and when it is 

not. 

Integrating attention and memory  

Although the present results are more consistent with the hippocampal coupling hypothesis 

than with the internal orienting account, our data is not necessarily inconsistent with an 

attention account that does not emphasize the internal/external distinction. For example, 

according to the attention to memory (AtoM) model the role of parietal regions in episodic 

retrieval reflect the same attentional operations that these regions contribute to perceptual 

processing. In particular, this model proposes that activity in the ventral parietal cortex 

(VPC), which includes the temporo-parietal junction (TPJ), reflects the capture of bottom-up 

attention by incoming information, either from the senses (perception) or from long-term 

memory (retrieval). In other words, VPC mediates bottom-up attentional processes 

regardless of whether they information capturing processed is internal or external. This 

model could account for the current finding that VPC activity was not affected by the 

internal/external manipulation, either during encoding or during retrieval. However, the 

AtoM model cannot account for the encoding-retrieval flip without additional assumptions. 

One of these additional assumptions was proposed by Cabeza (2008), who proposed that 

bottom-up capture during retrieval typically reflect incoming memories and it is therefore 

associated with retrieval success, whereas bottom-up capture during encoding—when the 

information to be encoded is constant—may reflect distractions and it is therefore associated 
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with encoding failure. It has been argued that the VPC regions associated with retrieval 

success (Hutchinson et al., 2009) and with encoding failure (Uncapher and Wagner, 2009) 

are more posterior than the TPJ region associated with bottom-up attention to perceptual 

stimuli (Corbetta & Shulman, 2002). However in the present study both TPJ and VPC 

regions showed exactly the same pattern (Figure 4). The bottom-up attention account of 

VPC activity can be integrated with the hippocampal-coupling account of the encoding-

retrieval flip: when the capture of bottom-up attention reflect the successful memory 

recovery VPC and hippocampal regions are coupled, but when the capture of bottom-up 

attention reflect distraction and encoding failure, VPC and hippocampal regions become 

uncoupled. 

Conclusions 

The study yielded three main findings. First, in line with our predictions, the main DMN 

regions, posterior cingulate, ventral parietal cortex, and mPFC all showed an 

encoding/retrieval flip for externally presented events. Decreased activity in these regions was 

associated with successful Ext-Enc, but increased activity with successful Ext-Ret. This is the 

first study, to link the encoding/retrieval flip pattern directly to the brain’s resting state 

network. Second, the encoding/retrieval flip in the DMN occurred regardless of whether 

events were internally-generated or externally-presented. This finding argues against the idea 

that the DMN regions underlies and internal attention system. Third, HF showed an 

exception to the encoding/retrieval flip pattern. Hippocampal activity increased during both 

successful Int-Enc and Ext-Enc as well as Int-Ret and Int-Ret. Moreover, HF was decoupled 

with the DMN during encoding but not during retrieval. This finding indicates that HF is not 

one of the core DMN regions, and is dissociated from the DMN when new memories are 

formed
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Abstract 

There is considerable evidence from resting-state fMRI studies that respiratory artifacts 

contribute substantially to fluctuations in fMRI signal within the posterior midline region 

due to its large blood vessels. Despite the fact that respiration has been strongly associated 

with arousal and attention, this aspect has been ignored in task-based fMRI studies. In 

memory encoding tasks, the posterior midline region (PMR) shows more activity for items 

that are subsequently forgotten than those that are remembered. In the present fMRI study, 

we investigated the role of respiration in this negative memory effect, by combining a 

memory encoding task with a breath-holding manipulation. This study yielded three main 

findings. First, we found a positive memory effect in the ventrolateral prefrontal cortex 

(VLPFC) and a negative memory effect in the PMR, but only the negative memory effect in 

PMR showed a strong reduction as a consequence of the breath-hold manipulations. 

Secondly, we found that respiratory phase-locking occurred within the fast event-related 

fMRI design and that this phase-locking was greater for subsequently remembered than for 

forgotten items. Finally, we found a correlation between the size of the respiratory 

fluctuations and the negative memory effect in PMR, but not between the positive memory 

effect in VLPFC. Overall the results indicate that a substantial portion of encoding activity in 

the PMR has a respiratory rather than a neural origin, and that this effect is not influencing 

the positive memory effect in VLPFC. 
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Introduction 

The human posterior midline region (PMR), including the precuneus, posterior cingulate 

cortex and retrosplenial cortex, consistently shows deactivations when comparing active task 

performance to passive rest conditions in a wide variety of experiments (66, 104, 220). The 

magnitude of these deactivations has been linked to successful task performance and has 

been proposed to reflect the efficient reallocation of available resources from resting-state 

processes to task-relevant processes (67, 104). A critical issue when interpreting these 

deactivations is that the fMRI signal is not only affected by neural changes, but also by 

physiological confounders such as respiration.  

 

Respiration affects the fMRI signal by changing the CO2 blood level, which dilates the 

arteries. Recently is has been shown that the PMR appears to be particularly prone to 

respiratory artefacts, because this region is supplied by the largest blood vessels of the brain 

(70, 117). In resting-state fMRI studies involving PMR, considerable attention has been 

focused on removing the confounding effects of respiration (70, 117, 118). Surprisingly, even 

though respiration has been strongly linked to arousal fluctuations and attention (119, 120), 

its effect on event-related fMRI and deactivations in the PMR has been ignored.  

 

The present study explored the relation between respiration, task-related fMRI signals and 

cognitive performance during a memory encoding task combined with a breath-holding 

manipulation. The task incorporated a subsequent memory paradigm, in which the results of 

a subsequent memory test are used to classify encoded items as either remembered (R-items) 

or forgotten (F-items). Both positive – greater activity for R than F-items – and negative – 

greater activity for F than R-items – subsequent memory effects have been reported. Positive 

memory effects are usually assumed to reflect successful encoding operations and thus reflect 

processes beneficial to learning (30, 40). The interpretation of negative memory effects is 

slightly more contested and either reflects the reallocation beneficial to encoding or 

subsequent forgetting detrimental to encoding (31, 98). 

 

The most reliable region that shows a positive memory effect is the left ventrolateral prefrontal 

cortex (VLPFC - 30, 40), while the PMR shows the strongest negative memory effects (31, 98). 

Yet, attention and arousal not only benefit memory encoding (116), but also can trigger 

changes in  the respiratory cycle (235-237). Given the vulnerability of the PMR to respiratory 

artifacts, we hypothesize that the negative memory effect within the PMR is at least partially 

due to respiratory fluctuations rather than neural activity.  

 

To investigate the contribution of respiration to the negative memory effect in PMR, 

participants encoded words in an MRI scanner either during 20-seconds blocks of normal 

breathing or during breath-holding blocks (Figure 1). The rationale for this design was that 

participants can clearly perform a task with ensuing neural activity during breath-holding, 

and at the same time any difference in fMRI signal cannot be attributed to respiratory 

fluctuations. Thus, by comparing R-and F-items during breath-holding and normal 

breathing conditions, we can get a good estimate of the contribution of respiration vs. neural 
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activity to the overall fMRI signal in PMR. At the same time, given that resting-state fMRI 

studies have clearly not identified the VLPFC as a region being prone to respiratory artifacts, 

we predicted that the breath-hold manipulation should affect the positive memory effect in 

VLPFC only minimally. Thus, we tested two straightforward predictions. First, we predicted 

that the negative memory effect within the PMR would be affected by the breath-hold 

manipulations. Secondly, positive memory effect in the VLPFC would not be affected or to a 

lesser extent. 

 

Methods 

Participants 

Twenty-six subjects (20 female, mean age 22) recruited from the University of Amsterdam 

community participated in the experiment. All subjects were in good health, right-handed, 

their native language was Dutch and they were paid 35 euro for participation. All subjects 

gave their informed consent and the study met the criteria for approval of the Academic 

Medical Center Medical Ethical Committee. The data of one subject was excluded due to 

excessive motion inside the fMRI scanner and another subject was excluded because of very 

poor performance on the memory task (see analysis). 

Figure 1. Task design. Experiment consisted of 20 second blocks of (1) rest periods with normal-

breathing, (2) encoding during a breath-hold condition, (3) encoding with normal breathing. During 

each encoding block, 6 items were randomly presented. Blocks were flanked by 5 seconds of preparation 

or normalization. Lower panel illustrates a time course of the averaged respiratory signal. 
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Stimuli 

The stimuli consisted of 840 words (nouns), selected from the MRC Psycholinguistic 

database (www.psy.uwa.eda.au/mrcdatabase/uwa_mrc.htm), and subsequently translated to 

Dutch. Words varied between 5 and 12 letters in length, were of moderate frequency, half of 

which referred to living items and the other half to non-living items. 

Experiment 

The experiment consisted of three parts: (1) pre-scan instruction phase, (2) a scan phase, 

including memory encoding, (3) a post-scan retrieval phase. First, before scanning 

participants practiced the memory task and learned how to control their breathing. A single 

breath-hold period consisted of a 5 second preparation countdown during which the 

participants exhaled and then refrained from inhaling for 20 seconds (Figure 1). Only 

participants who were able to comfortably hold their breath were allowed to participate in the 

actual fMRI experiment. Next, during the scan-phase, participants made fast living/non-

living judgments (max.1200 ms) in order to encode words into memory. Words were 

presented in blocks of 6 items, either during normal breathing of during the breath-hold 

condition. ITI’s within a block ranged from 600-3800 ms in such manner that a single block 

lasted exactly 20 seconds. Each breath-hold block was followed by a 15 seconds 

normalization period and all blocks were preceded by the 5 seconds preparation phase. In 

total participants performed 5 encoding sessions, consisting of 7 blocks with breath-hold and 

7 blocks with normal breathing. In total participants encoded 420 words. Finally, during the 

post-scan retrieval phase, participants performed a self-paced recognition test with a 1:1 

old/new ratio. Following each recognition judgment participants also rated their confidence 

on a 4-point scale. 

Data acquisition  

Functional MRI images were collected with a Phillips Intera 3.0T. using a standard SENSE 

head coil and a T2* sensitive echo planar imaging (EPI) sequence (96 x 96 matrix, TR 2000 

ms., TE 30 ms., FA 80º, 34 slices, 2.3 mm x 2.3 mm voxel size, 3-mm thick transverse slices). 

During six encoding sessions 275 sequential images were acquired. During scanning, stimuli 

were projected on a screen at the front-end of the scanner-table and observed via a mirror 

mounted on the head coil. The participants head was fixed by foam and they wore earplugs to 

reduce scanner noise. The behavioral responses were collected by an MR-compatible four-

button box (Lumitouchtm). After the functional scans, a high-resolution T1-weighted 

structural scan was collected (256 x 256 matrix, TR 12 ms, TE 5ms, FOV 24 cm, 68 slices, 1 

mm slice thickness). The respiratory signal was measured by an MR compatible air-filled 

respiration-belt placed around the waist and sampled at 500 Hz. The respiratory belt was an 

integrated part of the Phillips scanner and the measurements obtained are linearly related to 

the expansion of the belt. Before the analysis, we down-sampled the respiratory signal to 10 

Hz using a 100 ms. sliding average. 

Respiratory data analysis 

The respiratory signal was (pre)processed consistent with the descriptions in (238, 239). First, 

using software package Charts 5.5 (by ADInstruments Ltd), we screened the signal and 
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removed periods during which the breathing signal was very irregular and clearly did not 

resemble chest motion. After removal, we used a simple algorithm to select each peak after 

threshold to determine the minima and maxima of each breathing cycle. The threshold was 

set separately for each session, by manual inspection, and ranged approximately between 1.5 

and 3 standard deviations. Next, we used the maxima to calculate a time series with both 

amplitude and respiratory duration for each time point and exported the data to Matlab for 

further analysis.  

 

To assess the interaction between slow on-going respiratory fluctuation and fast cognitive 

events, we cut out a 5 seconds respiratory data segment before and after each event of 

interest.  For a given event (i = 1,..., N), with N the total number of events, we obtained a 

series of phase values for different frequencies (θi(f)), through Fast Fourier Transforming the 

Hann-tapered respiratory signal after (or before) the event, (5 sec, 0.2-1.4Hz), and taking the 

phase of the complex Fourier spectrum. For a given frequency, we then computed the 

respiratory phase-locking value (rPLV), i.e., the mean resultant length over the input vector 

of computed phases (e.g. 240, 241) which we defined as: 

 

rPLV f( )=
1

N
exp iθ i( f )( )

i=1

N

∑
 

fMRI data analysis 

Statistical Parametric Mapping (SPM5; (http://www.fil.ion.ucl.ac.uk/spm) software was used 

to preprocess and analyze the MRI data. First, the images were preprocessed, using slice-time 

correction, motion-correction and then coregistration to the structural scan. Next, individual 

normalization parameters were obtained by normalizing the segmented structural scan of 

each subject using the Montreal Neurological Institute (MNI) T1 template image. These 

normalization parameters were then applied to the functional images. At the end of 

preprocessing, the normalized functional images were resliced to a resolution of 3x3x3 mm 

and spatially smoothed using an 8-mm isotropic Gaussian kernel.   

 

For the subject-level fMRI analysis, trial related activity was modeled by convolving a vector 

of trial onsets with a canonical hemodynamic response function (HRF). The General Linear 

Model (GLM), as implemented in SPM5, was used to model effects of interest and remove 

confounding effects. The Statistical Parametrical Maps were identified for each participant by 

applying linear contrasts to the parameter estimates (beta weight) for the events of interest, 

resulting in a t-statistic for every voxel. Group effects were assessed by applying random 

effects analyses across each model. Regions were classified as significant when they exceeded 

an FDR-corrected threshold of P < 0.005, and a cluster extent threshold of 25 voxels.  

Results 

Behavioral Results 

First, we assessed whether subjects encoded the items presented during the scan session by 

means of a recognition test immediately after the scan session. Average performance as 
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defined by d-prime was 1.18 ± 0.06. For the fMRI analysis and results hereafter, we discarded 

low-confidence hits (rating ≤ 3) in order to remove to contribution of guesses and balance 

the number of trials for remembered items (R-items) and forgotten items (F-items). Next, we 

separated the trials according to the breathing conditions. For the breath-hold condition, the 

average number of R-items was 61 ± 8, for F-items 54 ± 4 and for omitted responses 1.8 ± 

0.4. For normal-breathing condition, the average number of R-items was 65 ± 8, for F-items 

52 ± 4 and for omitted responses 1.4 ± 0.4.  

 

When we examined memory performance separately for the breathing conditions, the 

average hit-rate for breath-hold was 0.74 ± 0.02 and for normal breathing 0.75 ± 0.02. A 

follow-up T-test showed that these rates did not differ significantly, although it was trending 

(P = 0.07). The average number of omitted responses was 1.8 ± 0.4 for breath-hold and 1.4 ± 

0.3 for normal breathing and did not differ significantly (P = 0.78). 

 

Average response times (RT’s) for the living/non-living judgments were slightly faster during 

the breath-hold condition (710 ± 12 ms.) than during normal breathing (730 ± 12 ms.; P = 

0.02). Also, consistent with other subsequent memory studies, the RTs were faster for F-items 

(704 ± 13 ms.) than R-items (746 ± 12 ms.; P < 0.001). Importantly, the relative differences in 

RT’s for R-and F-items were virtually identical for breath-hold, (40 ± 11 ms.) and normal 

breathing (40 ± 12 ms.), indicating the  fMRI results cannot easily be explained in terms of 

RT differences. Also, a repeated measures ANOVA showed no interaction between the 

average RT’s when separated for breathing conditions and subsequent memory (P = 0.97).  

 

Recognition trails during the post-scan recognition test were not restricted by a time out. 

When separating these trials for the preceding breathing conditions, the breath-hold (2209 ± 

125 ms.) and normal breathing trials (2236 ± 136 ms.) showed no difference in subsequent 

RT’s (P = 0.52). Also consistent with recognition studies (190, 191), the RTs during the 

retrieval test showed the opposite pattern from encoding. The correct identifications of old 

items (1792 ± 127 ms.) was faster than for false alarms (2441 ± 135 ms.), misses (2475 ± 193 

ms.) and correct rejections of new items (2770 ± 165 ms.) Again, a repeated measures 

ANOVA showed no interaction in RT’s  between the breathing conditions (breath-hold vs. 

normal ) and subsequent memory (R-items vs. F-items, P = 0.19). 

Imaging Results 

First, we localized the ventrolateral prefrontal cortex (VLPFC) and posterior midline regions 

(PMR), by contrasting items that are successfully remembered (R-items) or forgotten (F-

items). To avoid a potential bias to either the breath-hold or normal breathing condition, we 

combined the trails from both breathing conditions (242). As shown in Figure 2 and in line 

with previous encoding studies, we found a strong positive memory effect (R-items > F-items) 

in the left VLPFC (max(x,y,z) = -48,24,21, MNI) (39, 40). Also, confirming our prediction 

and previous studies, we found a strong negative memory effect within the PMR (max(x,y,z) = 

-9,-66,3, MNI) (98). Next, using the average of the identified clusters (P < 0.005, FDR 

corrected), we obtained the positive and negative memory effects separately for the normal 

(NORM) and breath-hold (HOLD) conditions (Figure 2). 
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In line with our prediction, we expected that the negative memory effect would be reduced by 

the breath-hold manipulation, whereas the positive memory effect within the VLPFC would 

remain unaffected. Confirming this prediction, we found a significant reduction (p = 0.009) 

of about 70% of the negative memory effect during breath-holding. Critically, we found no 

reduction of the positive memory effect (Figure 2) within the VLPFC indicating a region-

specific effect of the breath-hold manipulation. 

 

It should be noted, though, that a small but significant negative memory effect, of about 30% 

remained present during the breath-holding condition (P = 0.01). This finding points out 

that, although respiratory artifacts make a significant contribution, a part of the negative 

memory effect in the PMR may still reflect metabolic changes resulting form a neural origin. 

Regardless, our findings clearly indicate the need for re-examination of previous fMRI 

findings concerning the involvement of PMR in cognitive operations, since respiratory 

confounders have not been accounted for in virtually all task-based fMRI studies. The 

current results should strongly encourage researchers to always include respiratory measures 

in future task-based fMRI studies, particularly when they focused on the PMR. 

Follow-up: respiratory phase locking 

In addition to the breath-holding manipulation, we used Fourier analysis to assess a possible 

link between changes in respiratory phase and the cognitive events used identify the brain 

regions involved in memory encoding. It has been shown that attention and arousal can 

trigger both respiratory arrests and accelerations (235-237). Thus, given that attention and 

arousal also influence memory encoding (116, 243), it is possible that the respiratory phase 

changes dynamically during encoding of R-and F-items. We investigated this issue in a 

follow-up analysis, by calculating differences in the respiratory phase locking with respect to 

stimulus presentation and subsequent memory. 

 

Using only the blocks of normal breathing, we characterized the respiratory response to 

task/cognitive events, including stimulus onset and subsequent memory performance. We 

estimated the phase consistency by means of the respiratory phase-locking value (rPLV), 

Figure 2. Effect of breathing conditions on fMRI differences in memory.  The left shows the positive 

memory effect in the left ventrolateral prefrontal cortex (VLPFC). In orange, region significantly 

more active for R-items > F-items (P < 0.001). The right shows the negative memory effect in the 

posterior midline region (PMR). In blue, region significantly more active for F-items > R-items (P < 

0.001). Bars show the average signal difference in memory (R-items - F items) for the normal 

(NORM) and the breath-hold (HOLD) conditions. 
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which is defined as the circular resultant length across all events (240, 241)see methods) and 

lies between 0 and 1, where a value of 1 indicates maximal phase-locking, and a value of 0 

indicates minimal phase-locking.  
 

 

 

To test for a stimulus specific response in respiratory phase, we calculated the difference in 

rPLV, using the 5 seconds before and after stimulus onset. The rPLV is significantly stronger 

after stimulus presentation (post-stimulus) than before (pre-stimulus) in the frequency band 

of 0.20 and 0.60 Hz, precisely the range of human breathing frequency (Figure 3A). Note, 

that the observed effect is specific to the breathing frequency range; the a-specific elevation at 

other frequencies can be explained by a positive bias of the rPLV estimator (e.g. 244). Next, 

we calculated the difference in rPLV, post-stimulus minus pre-stimulus onset, separately for 

R-and F-items (Figure 3B). Consistent with the respiratory pattern of the stimulus-locked 

average, the rPLV was significant R-items at 0.20 and 0.40 Hz, and at these frequencies also 

significantly higher than for F-items.  

 

Figure 3. Memory related respiratory signals. (A) Left bar-graphs shows the average respiratory phase 

locking value (rPLV - i.e. circular resultant length) for the frequencies between 0.2 and 1.4 Hz (240, 

241). In the range of the respiratory cycle (0.2-0.6 Hz), we observed significant rPLV differences 

between pre-and post stimulus onset. Stripped bars represent the rPLV after stimulus presentation and 

dotted bars before. (B) Right bar-graphs shows the difference in rPLV before and after stimulus 

presentation for remembered items (black) and forgotten items (gray). Bars indicate the standard 

error of the mean (SEM) and stars denote P-values of t-tests (* = P < 0.05, ** = P < 0.005, *** = P < 

0.001) (C) Lower panel shows the average normalized respiratory signal, time-locked to stimulus 

presentation. The black line shows the signal for subsequently remembered items and the gray line for 

subsequently forgotten items. 
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We also found a smaller but significant rPLV for F-items at 0.40 and 0.60 Hz. Again these 

effects were in only in the range of the human breathing frequency. Using the time points 

during blocks of normal breathing only, we also characterized the average respiratory 

response to stimulus onset. Thus, we simply calculated the stimulus-locked average for 

remembered and forgotten items (Figure 3C). The peri-stimulus time course demonstrates a 

respiratory response after stimulus onset and dependent on memory. Thus, before stimulus 

onset the normalized respiratory signal does not differ from baseline, but after onset we 

observed a sinusoidal response. Also, this change was more pronounced for R-items than F-

items around the minimum 2.0-2.5 seconds (P = 0.007, P = 0.036) and maximum 4.0-4.5 

seconds (P = 0.012, P = 0.004) after stimulus onset.  

 

 
 

 

We also conducted a control analysis to verify if the respiratory response might result from 

the experimental design rather a stimulus dependent physiological response. Therefore, we 

reshuffled respiratory signals - between subjects with the same block onset times, but with 

different stimulus onset times. This control analysis showed that the stimulus-locked 

response was dependent on matched timing between the respiratory cycle and the cognitive 

events. Thus, the experimental block design could not account for the stimulus/task related 

changes in the respiratory cycle (figure 4) 

 

Correlation between respiratory changes and fMRI contrast 

Finally, confirming the considerable respiratory contribution to the fMRI signal, we found 

that the respiratory belt difference between R and F-items, across subjects was correlated to 

the extent to which PMR deactivations predicted subsequent memory (Figure5, R = 0.47, p = 

0.028). In contrast, the VLPFC did not show this correlation (Figure 5, R = 0.24, p = 0.29). A 

direct comparison indicated a significant difference  (p = 0.037) between the correlations in 

Figure 4 Control analyses. Average normalized respiratory signal, 4 seconds before and 6 

seconds after stimulus onset (dashed line). The red line shows the signal for subsequently 

remembered items (R-items), the green line for subsequently forgotten items (F-items), 
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the PMR and VLPFC (241). These correlations indicate that task-specific changes the 

respiratory cycle can induce region-specific influences on fMRI results. 

 
 

Discussion 
This study focused on the effects of respiration on memory encoding activations in the PMR 

and VLPFC and yielded three main findings. First we found a positive memory effect in the 

VLPFC and a negative memory effect within PMR. As predicted, only the negative memory 

effect in PMR showed a strong reduction in the breath-hold condition, while the positive 

memory effect in VLPFC remained unchanged. Secondly, we found that respiratory phase-

locking occurred even within a fast event-related fMRI design and that this phase-locking 

was greater for remembered than for forgotten items. Finally, we found a correlation between 

the size of the respiratory fluctuations and the negative memory effect in PMR, but not with 

the positive memory effect in VLPFC, indicating the contribution of respiration to the 

former effect in the PMR. These results will be discussed in separate sections below. 

Breath-hold manipulation 

The VLPFC and PMR tend to show the largest signal differences in memory, when 

comparing subsequently remembered (R-items) versus forgotten items (F-items). Consistent 

with previous memory studies, the left VLPFC showed a positive encoding success effect (R-

items > F-items: 30, 40), while the PMR showed a negative encoding success effect (F-items > 

R-items: 31, 98). Given recent indications that the fMRI signal within the PMR is particularly 

sensitive to respiratory artifacts (70), we explored if the negative success effect could not be 

partially accounted for by fluctuations in arousal and breathing that coincide with learning, 

rather than changes in neural activity. Therefore, we created conditions with no fluctuations 

in breathing, using breath-holding, to eliminate any difference in respiration between R-and 

F-items. Critically, we found that the breath-hold manipulation resulted in a robust drop in 

the negative memory effect within PMR, but it did not change the positive memory effect in 

VLPFC. Thus, these results illustrate that the PMR is particularly vulnerable to respiratory 

Figure 5. Correlation between normal 

respiration and memory effect. Scatterplot 

showing the average difference in 

respiratory amplitude between R-and F-

items (x-axis) and the average activity 

difference in memory (DM) between R-

and F-items. Each point represents the 

data from a single subject. The dark 

diamonds represent the PMR and the grey 

squares the VLPFC. 
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fluctuations and the “cognitive” comparison – including the contrast between R-and F-items 

– is biased by dynamical changes in breathing. This second finding is consistent with psycho-

physiological theories that emphasize the dynamical link between bodily responses and 

ongoing cognitive processes (e.g. 245). However, this is the first study to actually demonstrate 

the consequences of these changes on rapid event-related fMRI results.  

Respiratory phase-locking 

After confirming the selective influence of respiration on PMR activity, we continued to 

characterize the relationship between the respiratory cycle and cognitive events, including 

stimulus onset and subsequent memory. We found that increased phase locking of the 

respiratory cycle coincided with successful memory encoding. Thus, when creating a contrast 

between two cognitive conditions, the assumption that these conditions are similar in terms 

of respiration is not self-evident. We assume that a general difference in attention - or arousal 

- predicts memory and coincides with these dynamical changes in the respiratory cycle. 

However, the exact interactions between respiration and various cognitive processes remains 

relatively poorly understood (237). For example emotions are known to influence subsequent 

memory, change respiratory cycle and several other physiological parameters (119, 120) 

(237) Here, we did not examine the relationship between memory and other physiological 

responses, but demonstrated the dynamic response of the respiratory system. Yet, it remains 

possible that the fMRI signal within the PMR - to some extent – can be explained by the 

interactions between cognitive events and other physiological responses. Regardless of the 

physiological complexity, respiratory changes remain critical with respect to its direct 

influence on blood oxygenation and the fMRI signal. Future studies should continue quantify 

how other physiological respond to cognitive events, if they change the behavior or our 

respiratory system, and how this influences the fMRI signal in different regions of the brain. 

Respiration/fMRI correlations across participants 

Confirming a role of respiration in the negative memory effect in PMR, we found that the 

amplitude of the time-locked respiratory response was significantly correlated with the 

negative memory effect in PMR, but not the positive memory effect in VLPFC. This finding 

clearly indicates a contribution of respiration to the former effect. One potential concern is 

that once could regard the breath-hold manipulation as a secondary cognitive task. 

Secondary tasks often have a detrimental influence on primary task-performance (e.g. 246). 

Also, a secondary task could potentially induce task-indicated deactivations within the PMR 

and increase activity within the VLPFC (104). However, it is difficult to reconcile the 

contribution of a secondary task with the specific correlation between breathing and 

deactivations in the PMR, while the signal in the VLPFC was uncorrelated (figure 4). Thus, 

even if we regard the breathing manipulation as a secondary task, the selective correlation we 

found indicates that respiratory changes have a direct influence on the fMRI signal within 

PMR. 

 

Finally, we should emphasize that the negative encoding success effect did not disappear 

completely, in the absence of respiratory fluctuations. A small residual difference in memory 

remained (Figure 2). Thus, we cannot exclude that some PMR activity is unrelated to 

respiratory fluctuations. A residual effect is consistent with a recent electrophysiological 
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study that showed how single neurons within the PMR of the macaque monkey change their 

firing rate in a manner consistent with the default-mode hypothesis (67, 247). Similar 

findings, using intracranial measurements in humans, have recently been reported and firmly 

established a neuronal source for fMRI signals from the PMR (248). Thus, our results by no 

means prove that signal differences within the PMR can only be attributed to dynamical 

changes in respiration. Actually, we interpret the residual negative encoding success effect as a 

“conventional” signal resulting from underlying neuronal processes. Thus, overall the results 

indicate that the fMRI signal with the PMR is composed of multiple components and that 

respiratory changes can contribute in a manner easily mistaken for neuronal processes. 

Conclusions 

In summary, our findings clearly demonstrate that the respiratory system interacts 

dynamically with on-going cognitive events. Thus, when using fMRI to isolate the neuronal 

contributions to a cognitive process, it is essential to consider the influence of fMRI signal 

fluctuations caused by respiration. The PMR is particularly vulnerable to respiratory 

fluctuations and this issue becomes most problematic when the respiratory cycle becomes 

phase locked to cognitive events. Thus, fMRI researchers should remain cautious when 

interpreting task-based fMRI data and consider the indirect nature of the BOLD signal, also 

when this data is the result of contrast between two cognitive conditions. 
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The main goal of this thesis is to understand the role of the default mode network (DMN) in 

episodic memory. This research was inspired by the intriguing finding that the DMN shows a 

negative memory success effect during episodic encoding but a positive effect during episodic 

retrieval, also referred to as the encoding/retrieval flip pattern. In chapter 2, we examined a 

possible consequence of the flip pattern, and found evidence for a competition between 

encoding and retrieval processes. From then on, we proceeded to investigate the functional 

implication of the flip pattern. We examined four different accounts based on previous 

research on the function of the DMN: the reallocation account (chapter 3), the 

reconstruction account (chapter 4), the orienting of attention account (chapter 5), and the 

respiratory account (chapter 6). None of the accounts we addressed appears fully conclusive 

as yet. Below follows first a comprehensive summary of the findings described in the different 

chapters  Then, I will discuss the findings in relation to the four accounts and I will also 

introduce a fifth account, the Attention to Memory (AtoM) account that potentially 

reconciles some of the findings. I will also discuss that the DMN does not always function as 

a single unit. Rather, in the studies described we found several functional dissociations 

among various DMN regions. I will also discuss the possibility that there are several factors 

and none of the four or five accounts can singlehandedly describe the role of the DMN. 

Finally, I will draw some overall conclusions and suggest avenues for future study. 

Summary 
In chapter 2, we showed for the first time the spatial overlap between the negative encoding 

success effect and positive retrieval success effect within the posterior midline region (PMR). 

This finding has now been confirmed in several other imaging studies (97, 100, 101). This 

pattern suggests that encoding and retrieval cannot occur at the same time and compete for 

DMN resources. We provided evidence that this competition indeed arises when both 

processes occur within a brief period of time and that it has direct consequences for memory. 

Critically, we showed that this effect cannot merely be ascribed to attentional processes, but is 

memory specific. Hence, encoding and retrieval compete. We also identified a specific region 

within the left ventrolateral prefrontal cortex (VLPFC) that appears to resolve the conflict 

between encoding and retrieval. Given that this region has been associated with rapid task-

switching, the VLPFC may facilitate rapid switching between encoding and retrieval 

processes.  Overall this study established that both the negative encoding success effect and 

positive retrieval success effect are closely linked to memory and both effects interact within 

the core of the DMN with direct consequences for memory. 

 

In chapter 3, we used a continuous memory task to dissociate the difficulty of retrieval from 

retrieval success. This was inspired by the reallocation account of retrieval, which states that 

successful memory retrieval is less demanding than when retrieval is unsuccessful, which 

requires more effortful search and recurrent attempts. Thus, it is unclear if the retrieval 

success effect within DMN regions simply reflects reallocation of DMN resources to the more 

demanding conditions or relates to successful episodic retrieval. In order to distinguish 

between these alternatives, we manipulated the delay between encoding and retrieval during 

fMRI-scanning. The design was based on previous evidence indicating that retrieval at short 

delays is easier and leads to high-evidence mnemonic decisions, whereas retrieval at longer 
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delays is more difficult but also more hippocampus-dependent. Confirming previous 

findings, we found that retrieval decisions at short delays were more accurate and faster. 

With respect to fMRI results, the study identified three distinct patterns of brain activity 

within regions that commonly show a retrieval success effect.  First, consistent with a role in 

episodic memory, the left and right hippocampus and the retrosplenial cortex – a subregion 

of the PMR - showed an increasing delay function. Second, consistent with increased 

difficulty, the precuneus and the superior parietal cortex (SPC), showed a decreasing delay 

function, consistent with the greater reallocation of resources. Critically, several cortical 

regions overlapping with the DMN – including mPFC, PCC, and IPC - showed a V-shaped 

delay function.  This non-linear pattern of activity suggested that two different processes 

contributed to retrieval-related fMRI signals within the DMN. We interpret these findings as 

an interaction between the contributions of long and short-term memory. Regardless of the 

exact interpretation, the experiment clearly demonstrated that the PMR is functionally 

dissociated into three subregions: the retrosplenial cortex, precuneus and PCC – each 

contributing to retrieval in a distinct manner. Also, the mPFC, PCC, and IPC showed a 

coherent pattern of activity and were functionally dissociated from the hippocampus. 

 

In chapter 4, we performed an experiment that was derived from the reconstruction account. 

According to this account, the DMN supports reconstructive processes that one needs to 

reassemble an original event from memory. Similar processes are thought be involved in 

mental imagery. An open issue is to what extent DMN regions support successful vs. 

unsuccessful imagery and retrieval processes. Previous studies that examined regional 

overlap between imagery and memory used uncontrolled conditions, such as 

autobiographical memory tasks, that cannot distinguish between successful and unsuccessful 

imagery and retrieval. In this study, we used a memory-retrieval and a mental-imagery task 

to characterize the overlap and difference between these closely related processes. We 

identified three patterns of activity that indicated the majority of brain regions contributed in 

a similar manner to retrieval and imagery. First, we identified several regions overlapping 

with the DMN, including the hippocampus, mPFC, PCC and the posterior part of the IPC – 

the angular gyrus - that are associated with successful performance during both retrieval and 

imagery (positive success effects). Secondly, we identified a network including the anterior 

cingulate cortex, dorsolateral prefrontal cortex, dorsal precuneus and insular cortex that are 

more active during unsuccessful performance in both tasks (negative success effects).  We 

interpret this pattern arises from more recurrent or increased attempts to retrieve items from 

episodic memory. Finally, we identified an extraordinary pattern in three regions, including 

ventral precuneus, the midcingulate cortex and supramarginal gyrus. These regions were 

associated with successful retrieval but unsuccessful imagery (interaction effects). We 

interpret this interaction in terms of reconstruction. Specifically, retrieval of past information 

is a necessary prerequisite for successful imagery. Thus, we speculate that these regions might 

aid the reconstruction of vivid imagery experience by integrating retrieved information.  

Regardless of our interpretation, our findings confirm that the DMN regions – including the 

hippocampus, mPFC, IPC and PMR - function similarly during memory retrieval and mental 

imagery, while several immediately adjacent regions contribute distinctly. 
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In chapter 5, we used resting-state fMRI in combination with the task from chapter 4. The 

experimental design allowed us to test if orienting of attention towards external vs. internal 

information could explain the encoding/retrieval flip pattern. According to the orienting of 

attention account, the negative encoding success effect should reflect beneficial orienting 

toward externally-presented information and coincide with deactivations, while the positive 

retrieval success effect should reflect orienting toward internal-mnemonic information and 

coincides with activations in the DMN.  First, we found that DMN regions - including 

mPFC, PMR and IPC - as defined by resting-state fMRI - were more active during encoding 

of internally generated information (imagery), than externally presented information 

(perception). Thus, we confirmed that DMN regions show increased activity during mental 

imagery. Secondly, we confirmed that the encoding/retrieval flip occurs in the DMN.  Thus 

the core DMN regions were activated during retrieval, but deactivated during encoding. 

However, counter to the orienting of attention account, the encoding activity was not 

modulated by whether items would benefit from internal or external orienting of attention. 

Third, we found that the hippocampus did not show an encoding/retrieval flip pattern, but a 

positive success effect for both encoding and retrieval, again regardless of orienting of 

attention. Moreover, we found that the hippocampus was functionally disconnected from the 

DMN during encoding, but connected during retrieval.  Overall, these findings suggest that 

the memory related signals in the DMN are not critically dependent on the orienting of 

attention and that hippocampus is functionally dissociated from the DMN when new 

memories are formed.  

 

In chapter 6, we combined a subsequent memory task with breath-hold manipulation to 

assess the influence of respiration on event-related fMRI.  There is considerable evidence 

from resting-state fMRI studies that respiratory artifacts contribute substantially to 

fluctuations in fMRI signal within the PMR, because of its large blood vessels. Despite the 

fact that respiration has been strongly associated with arousal and attention, this aspect has 

been ignored in task-based fMRI studies. To test this issue, we used a breath-hold 

manipulation to remove respiratory fluctuations during learning and assessed the influence 

on the negative encoding success effects within the PMR. First, consistent with previous 

encoding studies, the left VLPFC showed a positive encoding success effect, while the PMR 

showed a negative encoding success effect (98, 249). Critically, the negative encoding success 

effect in the PMR was highly sensitive to a breath-hold manipulation, while the positive 

encoding success effect remained unaffected. Secondly, we found that the respiratory cycle 

changes relative to stimulus presentation and subsequent memory, indicating a link between 

physiological changes and cognitive performance.  Finally, we found that the amplitude of 

the respiratory fluctuations was correlated with the magnitude of the negative encoding 

success effect. Thus, subjects who showed stronger respiratory fluctuations also showed 

stronger signal difference in the PMR, but not in the VLPFC. Overall, these findings 

demonstrate that fast event-related fMRI studies are far from insensitive to slow changes in 

respiratory physiology. Specifically, respiratory fluctuations can selectively influence the 

fMRI signal and confound specific cognitive conditions. Thus, when using the subtraction 

principle to isolate a specific cognitive process, it is necessary to consider a possible bias due 

to physiological differences, especially when using an experimental design that evokes 
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physiological responses. Overall, our results indicate that signals from the core of the DMN 

are particularly vulnerable to respiratory fluctuations. 

 

Discussion 

A memory bottleneck 

The encoding/retrieval flip suggests a processing bottleneck within the PCC.  Not only do 

encoding and retrieval show opposite levels of activity, but when both occur simultaneously, 

they compete with detrimental consequences for memory.  The flip-pattern poses a challenge 

for virtually all contemporary theories of memory. Most theories of memory and the brain, 

assume that retrieval is “reactivation” of activity patterns present during encoding. These 

theories claim that neuronal “reinstatement” is the basic principle of memory and the more 

activity during retrieval resembles the state of encoding, the better memory is (250-252). 

However, the encoding/retrieval flip violates this principle and indicates that DMN regions 

contribute differentially to both memory phases.  Our interpretation, in terms of a processing 

bottleneck, suggests that these differential contributions actually conflict. 

 

However, given the indirect nature of the fMRI signal, one should remain careful when 

interpreting the encoding/retrieval flip in terms of a neuronal bottleneck. A single voxel can 

contain thousands of neurons, some of which can increase in their firing rate, while others 

decrease firing at the same time. Also, the fMRI signal is not only affected by local firing-rate 

Box 3: Main findings 

1. Encoding and retrieval compete when both processes happen within a brief period of 

time. This competition leads to a conflict within the PMR with consequences for 

memory. The mid-ventrolateral part of prefrontal cortex (VLPFC) helps to resolve this 

competition and facilitates rapid switching between both memory states. 
 

2. Reallocation or differences in task-difficulty cannot easily account for the retrieval 

success effect in the default-mode network. Several regions, commonly linked to 

retrieval success, show divergent patterns as a consequence of retrieval difficulty. 
 

3. Mental imagery and memory retrieval activate the majority of brain regions in a similar 

manner. Yet, the ventral precuneus, midcingulate cortex and supramarginal gyrus show 

a divergent pattern of activity, indicating that these regions contribute differently to 

imagery and retrieval. 
 

4. Orienting of attention toward internal vs. external information cannot easily account 

for encoding/retrieval flip pattern within the DMN regions. Rather, connectivity 

between the cortical DMN regions and the hippocampus determines the success of 

encoding and retrieval. 
 

5. Physiological fluctuations in breathing predict memory formation and profoundly 

influence the negative encoding success effect in the PMR, but not the positive encoding 

success effect in the left VLPFC 
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changes, but also by synaptic input from projecting brain regions (23). Combined, these 

neuronal changes could potentially result in an increase, decrease or sum to zero, in terms of 

the local metabolic demands. Overall, the global signal within a voxel cannot increase and 

decrease at the same time, but overlapping neuronal populations within a single voxel can, 

and the fMRI signal reflects the metabolic sum of these changes. Thus, we currently still  need 

evidence to decide if the bottleneck between encoding and retrieval reflects competing 

processes within single neurons, local brain activity or cognitive processes at a much larger 

scale. 

 

Interestingly, a recent study using electrodes implanted into the posterior cingulate cortex3 

(PCC) of a monkey, has shown that single PCC neurons increased their firing rate during 

mental states that reflect “rest” and decreased their firing rate during states that require 

allocated attention (247).  The results also indicated that changes in PCC activity reflected 

changes in local firing rate and not synaptic inputs. In addition, the authors argued that the 

firing rate of single neurons is both up and down regulated in consistent with the metabolic 

demands of the regions. Although this study does not provide data on the behavior of PCC 

neurons in episodic memory, it does indicate that both decreases and increases in fMRI 

signal can be linked to local firing rate changes in a manner consistent with the default-mode 

hypothesis. At this time, it remains unclear whether the encoding/retrieval flip occurs because 

distinct - but overlapping - populations of neurons compete or single neurons have a bipolar 

role in encoding and retrieval. Further experiments should investigate the neuronal 

contributions to the fMRI signal within the PMR during memory tasks and test how (or 

whether) the encoding/retrieval flip links to neuronal changes directly. Especially, because the 

PMR is particularly vulnerably to fluctuations in the respiratory cycle and fMRI signals can 

easily be confounded by physiological artifacts. 

 

Independent evidence for a direct link between episodic memory and the encoding/retrieval 

flip has been provided by clinical studies investigating the onset of Alzheimer’s disease (AD).  

First, healthy elderly often show a diminished negative encoding success effect within the PCC 

(93, 95). Secondly, it has also been shown that amyloid plaques– a clinical marker of AD – 

initially deposit in the PCC and quickly spread to other DMN regions (4). Interestingly, these 

deposits directly correlate with the failure to suppress DMN activity during learning and 

coincide with problems with encoding (85). It is believed that these deposits precede the age-

related decline of memory and are indicative of a pre-clinical stage of AD. In combination, 

these studies link the integrity of the PCC and a failure to suppress activity directly to 

episodic memory encoding. Yet, it remains unclear if the same individuals also have 

problems with activating their PCC in memory retrieval.  

 

In summary, the encoding/retrieval flip presents a unique opportunity to help understand the 

function of the DMN regions in memory. This is especially so since it defies the fundamental 

principle of “reinstatement”. Most contemporary theories of memory state that successful 

retrieval requires the reinstatement of patterns present during encoding (57-59). Regardless 

of the precise explanations for the encoding/retrieval flip, the work within this thesis shows 

                                            
3The posterior cingulate cortex is a subregion of the posterior midline and part of the default-mode network. 
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that  DMN regions contribute to memory in a manner distinct from regions – such as the 

hippocampus - that do show reinstatement. I will discuss five accounts that attempt to 

explain the function of the DMN and flip-pattern: (1) reallocation, (2) reconstruction, (3) 

orienting of attention, (4) attention to memory and (5) respiration. Each account has merits 

and flaws and I will discuss them below. 

The reallocation account 

The reallocation account states that decreases in DMN activity reflect reallocation away from 

default-mode processes (104, 105). The encoding/retrieval flip pattern can be explained in 

terms of reallocation: If we assume that successful encoding requires relatively more 

resources, then we can also assume that successful retrieval requires relatively fewer 

resources. Our findings in chapter 3 indicated a pattern inconsistent with a reallocation 

account of retrieval. Although we did observe task-induced deactivations, we also observed 

increased activity in the core DMN regions, when the task became more dependent on long-

term memory. Combined, this resulted in a non-linear pattern of activity.  One potential 

manner to rescue the reallocation account is to assume that our task did not demand more 

resources at the most difficult conditions. For example, if participants simply give up, they 

also stop allocating resources. As a consequence default-mode processes can increase activity 

for the most difficult conditions. Although not impossible, participants still showed very 

accurate memory performance, which makes this alternative interpretation unlikely. Rather, 

the non-linear pattern of activity suggests that two separate processes – one closely linked to 

short-term memory and another to long-term memory - act on the DMN at the same time.   

 

Another challenge of the reallocation account is provided by several recent studies on mental 

imagery and prospective memory. These studies show that the DMN increases activity when 

a subjective (re-)experience is relatively elaborate and full of details (113, 187, 253). These 

findings are also difficult to reconcile with the reallocation account, given that construction of 

an elaborate mental scene should actually require more resources than retrieval without 

contextual details.  Together with our findings, these results indicated that DMN activity 

cannot be explained by reallocation alone. Rather than only attributing DMN activity 

reallocation, it seems that DMN activity can increase, thus allocate resources, during 

processes related to memory retrieval. Finally, the reallocation account makes no claim on 

what default-processes actually are. Therefore, the account avoids the question, what occurs 

within the DMN, when resources are not reallocated? Yet, if we assume rest is an active state 

of mind, and given the similarity between the DMN and the regions that show a retrieval 

success effect, it is tempting to equate default-processes with memory retrieval.  The next 

account is motivated by these observations and addresses this shortcoming of the reallocation 

account.  

The reconstruction account 

The reconstruction account states that increased DMN activity reflects reconstructive 

processes that are an essential part of  memory retrieval (110). The reconstruction account 

emphasizes that remembering of past or imaginary events is not an automatic process but 

requires mental effort. Our experimental comparisons, in chapter 4, pose a slight challenge 
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for the reconstruction account. We found that DMN regions showed an activity pattern 

related to successful retrieval and imagery. In contrast, regions closely adjacent to the DMN, 

showed a pattern consistent with successful retrieval but difficult imagery. Given that poor or 

failed attempts coincided with more effort and recurrent attempts, it is tempting to interpret 

this pattern in terms of intensified reconstruction. This interpretation seems consistent with 

the observations that these latter regions are also closely tied to working memory (254). 

Nonetheless, the reconstruction account also claims that “reconstruction” can be divided into 

further sub-processes. Thus, overall our interpretation is not inconsistent with the 

reconstruction account. It simply suggests that the more “effortful” components of 

reconstruction do not occur within the DMN regions, but in regions closely adjacent. 

 

The encoding/retrieval flip pattern can partially be explained in terms of the reconstruction 

account. The positive retrieval success effect is consistent with more reconstruction for 

remembering, but it is trickier to reconcile with the negative encoding success effect. We could 

interpret increased activity during encoding in terms of reconstruction, when we assume that 

this activity is actually “detrimental” and leads to forgetting (31). Under this assumption, 

decreases during encoding result from less reconstruction of mental representation. Already, 

this interpretation is at odds with the general view that associations benefit learning (42).  

Yet, if we also assume that these associations are predominantly intrusive, less activity should 

coincide with better performance. However, in those cases the reconstruction account would 

might also predict that subsequently forgotten items also activate DMN regions, when 

compared to a passive baseline. This is not the case, and encoding deactivations actually 

deviate from baseline, while activations for forgetting are indistinguishable from baseline 

(98). Overall, the reconstruction account makes an important statement regarding the 

reconstructive nature of memory retrieval (54, 55), but it is not very informative with respect 

to DMN activity during memory encoding or task-induced deactivations in general. The 

following account provides a full explanation for both increases and decreases in DMN 

activity by attributing them to differences in orienting of attention. 

The orienting of attention account  

The orienting of attention account states that activity in the DMN network decreases when 

attention is oriented to the external environment, but increases when attention is oriented to 

internally generated representations (4, 28). The encoding/retrieval flip pattern can be 

explained in terms of orienting of attention under the assumption that successful encoding 

requires focus on the external environment, while  successful retrieval is aided by internal 

attention (116). In summary, DMN activity reflects a virtual axis of internally versus 

externally oriented attention (internal = more DMN activity / external = less DMN activity).  

Thus, according to the orienting of attention account, the levels of activity during encoding 

and retrieval are a byproduct of the state of attention and not directly linked to memory.   

 

Our findings in chapter 5 indicated a pattern of activity that was inconsistent with the 

orienting of attention account. Consistent with the account, we observed that the DMN is 

activated by mental imagery and that rich mental imagery benefits learning. However 

inconsistent with the account, we found that at the same time decreased DMN activity still 

predicted encoding regardless of whether items was internally imagined or externally 
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presented. Thus, these findings indicate that orienting of attention alone cannot explain the 

activity patterns within the DMN related to memory. One way to defend the orienting of 

attention account is to assume that our encoding/imagery task did not require sufficient 

internal attention to completely reverse DMN activity. However, when comparing internal to 

external encoding, we did observe significant DMN activity (internal > external). Thus, such 

an explanation is not likely. Also, mentioned above, we found that successful imagery 

benefited memory encoding. Rather, the pattern of activity - again - suggests that two 

processes act on the DMN at the same time.  Consistent with this idea, several recent studies 

have also showed that individual regions of the DMN – or overlapping regions - contribute 

to various cognitive processes in different manner (63, 96, 255). Thus, although DMN 

regions are less active during conditions that require external attention versus those that 

require internal attention, not all patterns of DMN activity – including the encoding/retrieval 

flip - can be explained in terms of the orienting of attention.  

The respiratory account 

The respiratory account – introduced within the thesis - claims cognitive processes coincide 

with physiological responses and can result in respiratory fluctuations that affect the fMRI 

signals. Critically, the respiratory account does not disprove any of the earlier mentioned 

accounts, nor does it singlehandedly account for the activity differences within the DMN. 

Rather, it attempts to isolate and explain the contributions of a single component of the fMRI 

signal. By doing so, the respiratory account assumes that the DMN regions mediate several 

independent processes that contribute to signal differences.  In retrospect this idea seems 

almost trivial, but it has an important implication. From here, we consider the possibility that 

we require multiple accounts in order to explain the role of the DMN. 

 

In chapter 6, we provided evidence that the negative encoding success effect within PMR can 

be largely explained by respiratory contributions.  In contrast, we did not find this effect in 

other DMN regions. Yet, we cannot exclude - by the absence of an effect – that respiration 

has no influence in other DMN regions. Instead, it is known that respiratory fluctuations 

have various effects on the fMRI signal in different parts of the cortex (118, 238). Therefore, 

we assume that the contribution of respiration varies in different DMN regions.  Importantly, 

the results also demonstrate that effects of respiration are not automatically removed by a 

simple contrast between two cognitive conditions. In contrast, cognitive conditions can differ 

with respect to respiration. Finally, we should emphasize that the negative encoding success 

effect did not disappear entirely in the absence of respiratory fluctuations. The residual effect 

that cannot be explained by respiration is consistent with the earlier mentioned findings of 

single PCC neurons that change their firing rate in a manner consistent with the default-

mode hypothesis (247). Recently, similar results using intracranial  measurements in humans 

have been reported and established the neuronal origin of the DMN (248). Consistent with 

these findings, we interpret the residual negative encoding success effect as a conventional 

cognitive-based signal differences resulting from neuronal processes. 

 

Overall, the data in chapter 6 demonstrates that it is probably impossible to construct a single 

cognitive axis that captures the various functions of the DMN. Actually, the results of 

chapters 2, 3 and 5 illustrate the exact same point: the fMRI signal within DMN regions 
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reflects the combination of multiple processes. Yet with the respiratory account, we can still 

attempt to construct a single theory for the PMR. For example, we could interpret increased 

activity in terms of reconstruction and decreased activity in terms of ongoing respiratory 

fluctuations. Yet, given that we observe the influence of respiration mostly in PMR, such a 

combinatory account would not automatically apply to signals in other DMN regions. Thus, 

although respiratory changes might account for some of the cognitive findings within - and 

outside – of the data published within this thesis, it cannot account for the signals within the 

DMN alone. I will now introduce a final cognitive account, that still attempts to 

singlehandedly explain the role of the DMN. This account was originally intended to explain 

signals within the parietal cortex and does not incorporate - or exclude - the contributions of 

respiratory fluctuations.  

The attention to memory account 

The attention to memory account (AtoM) claims that activity in the DMN network decreases 

when attention is under control of top-down memory processes, but increases when 

attention is under the influence of bottom-up memory processes (63, 158, 256). This account 

is inspired by perceptual models for control of top-down versus bottom-up attention (96, 

202). Also, the AtoM model specifically applies to the role of the inferior and superior 

parietal cortex (SPC).  However, since the inferior parietal cortex (IPC) is part of the DMN, I 

consider therefore the AtoM account as a potential interpretation for DMN activity. As such, 

the AtoM account explains the encoding/retrieval flip pattern in terms of bottom-up versus 

top-down memory processes. During encoding, top-down control of memory benefits 

learning and as a consequence DMN deactivations predict success. In contrast, during 

retrieval, bottom-up memory processes coincide with success and activate the DMN regions. 

 

Most findings within this thesis can be explained in terms of the AtoM account. The 

bottleneck within our memory system, presented in chapter 2, can be explained in terms of 

competition between bottom-up attention benefiting retrieval, and top-down attention 

benefiting memory encoding. In chapter 3, the non-linear patterns of activity could also 

reflect competing top-down and bottom-up memory processes: the very short delay might be 

reflecting spontaneous retrieval resulting from a lack of task difficulty, while the very long 

delays are dominated by bottom-up recognition, since these delays are no longer supported 

by the short-term memory buffer. Activity in the DMN regions might reflect this interaction 

between top-down and bottom-up memory processes by a V-shaped pattern of activity. In 

chapters 4 and 5, the increased activity for imagery might reflect bottom-up contributions of 

retrieval. While at the same time the negative encoding success effect might again reflect top-

down contributions to memory encoding. Each time, a combination of bottom-up and top-

down memory processes can explain the complex pattern of activity.   

 

Despite the validity of AtoM account with regard to the work presented within this thesis, it 

remains a post-hoc explanation. Also, although the AtoM account can explain most findings 

presented within this thesis, it remains relatively unspecified what bottom-up and top-down 

memory processes precisely are. AtoM borrows its terminology from experiments on 

perception and top-down versus bottom-up attention (257). When people focus their 

attention, they place cognitive processes under top-down control, while sudden distractions 
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are the consequence of bottom-up processes. These studies emphasize that bottom-up 

distractions are not necessarily bad, since they can benefit perception of an approaching car 

or a sudden fire alarm. The main point of the AtoM account is that bottom-up signals do not 

originate from the external environment alone, but can also spontaneously arise from our 

memory system. Again the claim is that spontaneous retrieval is not necessarily bad, but can 

also benefit recognition memory or mental imagery (63). Very recently, some new 

experimental data has been published in support of AtoM account and on the separation of 

top-down versus bottom-up contributions to memory. (258) Still, it remains an open 

question to what extent the AtoM account is relevant for DMN regions beyond the parietal 

cortex. 

Multiple accounts 

To conclude, no single account – including AtoM – can sufficiently explain all findings with 

regard to the DMN. Within this thesis and in several recent studies, the DMN has been 

linked to mental imagery, thinking about others, autobiographical memory, self-reflection, 

prospection, navigation and more (e.g. 114, 165, 253, 259). Also, the DMN shows 

abnormalities in many pathological states, including AD, schizophrenia, ADHD, and 

depression (e.g. 4, 81, 82, 84). Interestingly, it has been shown the macaque brain hosts a 

similar default-network (260). Thus far, it has proven impossible to find a single basic 

explanation that can account for all these observations. In contrast, the data within this thesis 

shows that individual brain regions can flexibly couple and decouple from the DMN. Also, 

individual DMN regions can show signal related to multiple cognitive processes at the same 

time. In line with our findings,  it has recently been shown that the DMN can be fractionated 

into functionally distinct components (255).  Thus, although it remains desirable to find a 

single basic explanation, this might simply prove impossible.  Our own data suggests that 

multiple accounts are necessary to explain the versatile signals with the DMN.  Before I draw 

final conclusions regarding the validity of each account, it is useful to drop the notion of a 

single coherent default-network and characterize some differences between the core DMN 

regions (i.e. the hippocampus, mPFC, PMR, and IPC). 

Box 4. Some issues regarding each account 

  Reallocation account:    - Only explains the role of the DMN in encoding, not retrieval   

         - Does not clarify the cognitive content of default-processes 

         - Cannot account for the results in chapters 3, 4 and 5 

  Reconstruction account:    - Only explains the role of the DMN in retrieval, not encoding 

         - Requires further decomposition of reconstructive processes 

         - Cannot account for results in chapter 4 

 Orienting of attention account: - One a function for the DMN  

         - Explains the encoding/retrieval flip  

         - Seems to fit with most of the literature 

         - Cannot account for results in chapter 5 

  Respiratory account    - Shows that DMN signals are composed of multiple components 

         - Applies to the PMR but does not extend to other DMN regions 

         - Neurons in monkey PMR fire consistent with the DMN hypothesis 

  Attention to memory account: - Explains the encoding/retrieval flip  

         - Seems to fit with most of the literature 

         - Unclear if account applies to regions outside the parietal cortex 
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The hippocampus 

The hippocampus is indisputably linked to memory, although its specific function remains 

debated.  Animal studies – mostly in rats – link the hippocampus particularly to spatial 

navigation. Although place cells have also been found in the human medial temporal lobe 

(e.g. 112, 261), studies in humans predominantly link the hippocampus to episodic memory 

(e.g. 59) .  Several theories try to reconcile this apparent discrepancy, by emphasizing that the 

rat hippocampus is also critical for upcoming non-spatial events and might help generate 

predictions based on memory (e.g. 53, 102) Recent animal studies have shown that brief 

sequences of hippocampal place-cell activity are chained together to represent extend ed 

episodes (262). These patterns form both retrospective and prospective codes and are more 

pronounced when animals make exploratory decisions (263). Although the precise function 

of this prospective activity is heavily debated, the patterns clearly demonstrate that 

hippocampal activity is not only triggered by current events, but also anticipates future 

behavior. Consistent with this prospective view, it was shown in recent clinical studies that 

hippocampal damage can also lead to impairments when imagining novel events (166, 264). 

More general, it is often reported that patients with impaired memory - for example in 

Korsakoff’s syndrome – often show an absence of imagination and flexible thinking (265, 

266). Taken together, these findings suggest a flexible role for the hippocampus. The 

hippocampus provides elements that can be constructed – by interacting with other default-

mode regions – to remember past events, explore novel possibilities end encode information 

to guide future behavior. 

Box 5. Schema of activity patterns in the core default-mode regions during encoding and retrieval 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

In orange, the hippocampal formation (HF) which shows a positive success effect during encoding (ENC) 

and retrieval (RET). In blue, the medial prefrontal cortex (mPFC), inferior parietal cortex (IPC) and 

posterior midline regions (PMR) which show the encoding/retrieval flip pattern. In red, an estimated 

contribution of respiration to the negative encoding effect within the PMR. The contribution of respiratory 

fluctuations to the retrieval success effect has not been investigated. (HF is not in plain). 
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The inferior parietal cortex 

The lateral regions of the inferior parietal cortex (IPC) are implicated in a wide range of 

cognitive functions including perception, attention and working-memory (e.g. 202, 254). The 

lateral IPC receives and sends information to the sensory–motor systems, the hippocampus 

and prefrontal cortex (177). Unilateral lesions in the parietal cortex commonly result in 

attention deficits that result in a neglect of part of the external environment (267, 268). Also, 

neuroimaging studies have consistently implicated the IPC in memory (12, 98) and recently, 

it was also shown that bilateral lesions of the IPC can result in deficits in episodic memory 

(61, 62). Several recent studies try to reconcile the versatile role of the IPC by segregating 

distinct subregions - within close proximity - into separate functional modules (e.g. 141, 144, 

269). However, the mapping of functional modules to precise anatomical locations has 

proven difficult, due to relatively large individual variations and a lack of precise anatomical 

definitions (270). This lack of definitions is the result of the relative absence of a precise IPC 

homologue in the macaque monkey (271) and the relative difficulty of tracking white matter 

fibres in diffusion images of the IPC (1).  To circumvent these difficulties, new segregation 

schemas are being proposed that incorporate data from resting-state connectivity (272). 

These schemas might serve as roadmaps for investigating the IPC and settle some of the 

current controversies (96, 99). The data within this thesis clearly verifies the role of the IPC in 

memory. Also, via the functional dissociations within close proximity, it also exemplifies the 

need for better functional/anatomical definitions. Despite the debate on precise localization 

of subregions within the IPC, the view has emerged that the IPC integrates perceptual 

information from the environment with information from our memory system (63, 96). 

Taken together, these theories postulate that the mechanisms that operate on perceptual 

attention can also be applied to help our understanding of memory.  In sum, the IPC 

provides an arena for bottom-up and top-down interaction between information from the 

hippocampal-memory systems and sensory brain regions.  

The medial prefrontal cortex 

Although the medial prefrontal cortex (mPFC)  is consistently implicated in memory and the 

DMN (105), it still remains a relative poorly understood region of the human brain (273). 

Patients with damage in the mPFC can suffer from impaired recall of detailed events, while 

retaining normal recognition memory (274). Also, damage to the ventral part of the mPFC 

can result in a tendency to confabulate during retrieval of autobiographical memories (275). 

The mPFC is activated during spontaneous self-referential thought (276) and judging the 

similarity of another person to oneself (277). Several recent imaging studies have shown that 

the mPFC is activated when judging whether retrieved information is referring to oneself or 

not (165, 188, 278). Overall, these observations suggest that the mPFC helps in evaluating the 

self-relevance of memories (255, 279).  This idea is consistent with studies that link the mPFC 

to evaluation of past, current and upcoming options (e.g. 280-283). Combined, these findings 

support a prospective memory function for mPFC, in which memories of past experiences 

are used to generate predictions of upcoming events (9, 187, 284). In sum, the mPFC helps to 

assess the relevance of memories and evaluate the episodic exploration of possibilities. 
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The posterior midline  

The posterior midline region (PMR) shows the patterns of activity that have defined the 

DMN (67) and is considered the central node of the DMN (285). The PMR is composed of 

the retrosplenial cortex, posterior cingulate cortex (PCC) and anterior part of the precuneus. 

Each region has differential connections and the data within this thesis shows that these 

regions contribute to different aspects of memory (2, 190). The retrosplenial cortex has dense 

connections to the hippocampus and is associated with episodic memory and spatial 

navigation (286). Also, neurological disorders that impair memory - such as AD and post-

traumatic stress disorder – often compromise the integrity of the retrosplenial cortex  (287). 

The posterior cingulate cortex has the strongest reciprocal projection to the mPFC and 

thalamus and has been associated with emotional content of memory (2, 288). Finally, the 

precuneus is most densely connected with the IPC and sensory regions and is often 

associated with the perceptual-like experience of mental imagery (15).  Despite these minor 

differences, their strong interconnections (2) and the fact that these regions often (de)activate 

in synchrony suggest that these regions are functionally related. (28).  However, given that 

the PMR has proven particularly sensitive to respiratory fluctuation, some previous cognitive 

findings might require reinterpretation. For example, uncontrolled cognitive processes such a 

mind-wandering or lapses of attention may well coincide with changes in the respiratory 

cycle (229, 289). As a consequence, the PMR might prove functionally far more diverse than 

we observed until now.  To conclude, given its central location, the PMR is perfectly 

equipped to integrate and control the communication between various DMN regions.  

Future studies 

The DMN covers the most metabolically active regions of the brain and during rest it 

consumes roughly 40% more glucose compared to the hemisphere average (67). Currently, 

we lack a functional explanation why these regions consume the most energy. Within this 

thesis I argue that cognitive default processes - that consume energy and recruit neurons 

within the network – are responsible for this consumption. Evidence for the cognitive 

involvement of DMN regions in memory and during spontaneous rest is abundant (53, 229, 

289-291). Although this can explain increased activity during rest, it cannot explain why their 

metabolism exceeds other regions – for example, the visual cortex (28).  Novel studies should 

investigate whether this metabolic property of the DMN reflects underlying functional-

anatomical properties - such as the proportion of interneurons or the average spiking rate of 

all pyramidal cells. A better understanding of the local anatomical properties and how they 

affect the fMRI signal should help decide the validity of the theoretical accounts that explain 

the functional role of the DMN. For example, the AtoM account states that DMN activity is 

functionally up-and-down regulated, while the reallocation account proposes only functional 

deactivations (63, 104). Increased understanding of the functional properties of the fMRI 

signal in combination with the anatomical properties of these cortical regions should help 

decide the validity of various accounts. 
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In conclusion, the work in this thesis has provided a number of new insights into episodic 

memory and the role of the default-mode network.  First, it provided the first direct evidence 

for the contrasting role of DMN during encoding and retrieval. Secondly, the experimental 

findings eliminate several possible explanations for the role of the DMN, including a simple 

reallocation account and the orienting of attention account. Moreover, the present work 

sheds light on the contribution of different processes - including respiratory - to the fMRI 

signal. Finally, the work clarifies the flexible nature of the DMN, for example, the distinct role 

of the hippocampus during encoding.  Overall, the work within this thesis has clearly 

indicated that the individual DMN regions provide distinct contributions to learning and 

remembering 
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Nederlandse Samenvatting 
Zonder geheugen zouden we niet kunnen praten, fietsen of zelfs onze eigen gedachten 

kunnen volgen. Geheugen is zo vanzelfsprekend, dat het eigenlijk alleen opvalt zodra we iets 

niet herinneren. Als we jong zijn leren we met het grootste gemak, maar op latere leeftijd 

wordt het geheugen als eerste aangetast. Een beter begrip van de mechanismen die geheugen 

ondersteunen is belangrijk. Niet alleen omdat het kan helpen bij de ontwikkeling van betere 

leermethodes, maar ook omdat we tot op steeds hogere leeftijd moeten werken, tot ver nadat 

het geheugen ons in de steek begint te laten. Op hogere leeftijd wordt de kans op 

neurologische aandoeningen ook groter, zoals de ziekte van Alzheimer, die worden 

gekarakteriseerd door problemen met geheugen. Toch weten we nog relatief weinig van de 

mechanismen die geheugen ondersteunen in het gezonde brein. 

 

Het onderzoek naar geheugen heeft recentelijk een vlucht genomen door de ontwikkeling 

van nieuwe meettechnieken. Vooral door de ontwikkeling van functionele magnetische 

resonantie imaging (fMRI) is het nu relatief gemakkelijk (en goedkoop) om in de hersenen te 

“kijken”. Hersenactiviteit wordt gemeten via signaal veranderingen die worden veroorzaakt 

door het energie en zuurstof gebruik van hersencellen. Een van de spannendste ontdekkingen 

van de laatste decennia is het zogenaamde default-mode netwerk. Dit netwerk van 

hersengebieden wordt actief tijdens rust, als we “niets” aan het doen zijn. Echter, zodra we 

ergens mee bezig gaan neemt hersenactiviteit af en deactiveren de default-mode gebieden. De 

activiteit in het default-mode netwerk tijdens rust wordt gerelateerd aan spontane processen 

die plaats vinden als je niet bewust met een cogntieve taak bezig bent. Juist op dat soort 

momenten halen we spontaan dingen op uit ons geheugen en is het default-mode netwerk 

actief. 

 

Ook wanneer we bewust iets ophalen uit ons geheugen (retrieval) dan wordt het default-

mode netwerk actief. Tevens is recent duidelijk geworden dat het default-mode netwerk 

deactiveert als we iets opslaan in ons geheugen (encoding). Deze tegenovergestelde patronen 

van activiteit tijdens encoding en retrieval - de zogenaamde encoding/retrieval flip - is 

opzienbarend, aangezien de meeste theoriën van geheugen uitgaan van een reactivatie 

principe. Dit principe stelt dat retrieval alleen mogelijk is dankzij het reactiveren van de 

neuronale patronen die gebruikt zijn voor encoding. De encoding/retrieval flip druist in tegen 

dit principe, maar het default-mode netwerk lijkt desondanks cruciaal voor het goed 

functioneren van geheugen. Het belang van de encoding/retrieval flip is nog steeds onbekend 

en de centrale vraag van dit proefschrift. Er zijn verscheidene hypotheses over de functie van 

het default-mode netwerk, maar er is geen verklaring voor de encoding/retrieval flip. De 

hoofdstukken in dit proefschrift behandelen een aantal hypotheses over de rol van het 

default-mode netwerk in geheugen (zie kader A).  Het doel is om beter te begrijpen hoe ons 

geheugen werkt en wat deze hersengebieden – waaronder het default-mode netwerk – 

bijdragen aan leren en herinneren. 
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Hoofdstuk 2: Wanneer leren en herinneren met elkaar in conflict komen: een functionele 

MRI studie. 

Vrijwel alle sociale interacties vereisen dat we snel nieuwe en oude informatie uitwisselen. 

Het voeren van een normaal gesprek, bijvoorbeeld, vereist dat we nieuwe informatie van de 

gesprekspartner verwerken (encoding). Terwijl je luistert, haal je informatie terug uit je 

geheugen, zodat je een gepast antwoord kunt geven (retrieval). Ondanks het belang van snel 

schakelen tussen encoding en retrieval,  impliceert de encoding/retrieval flip dat er een 

conflict ontstaat wanneer beide geheugenprocessen tegelijk plaats vinden. Namelijk, 

hersenactiviteit in de kern van het default-mode netwerk – de posterior midline regio – kan 

niet tegelijk  toenemen en afnemen. Echter, onafhankelijke groepen neuronen in één 

hersengebied kunnen dat wel.  Het is dus ook mogelijk dat encoding en retrieval tegelijk (of 

heel snel) kunnen plaatsvinden, zonder consequenties voor het geheugen.  In hoofdstuk 2 

toetsen we de hypothese dat de encoding/retrieval flip leidt tot een conflict met negatieve 

gevolgen voor het geheugen. 

 

Om onze hypothesen te toetsen gebruikten we een nieuwe geheugentaak waarbij zowel 

encoding als retrieval binnen zeer korte tijd moesten gebeuren. Proefpersonen lagen in een 

fMRI-scanner en keken naar een reeks woorden waarvan ze de helft al eerder bestudeerd 

hadden. Ze probeerden zich zo snel mogelijk te herinneren of ze het betreffende woord 

eerder hadden gezien of niet. Tegelijkertijd verschenen op de achtergrond kleurenfoto's. 

Ondertussen werden hun hersenen gescand. Na het scannen werden de deelnemers verrast 

met nog een geheugentest, dit keer met de achtergrondfoto's in plaats van de woorden. De 

laatste test laat zien dat het opslaan van de achtergrondfoto's lastiger is wanneer gelijktijdig 

een woord herinnerd wordt. Proefpersonen die het woord niet goed kunnen terughalen uit 

hun geheugen, blijken beter in staat te zijn om de foto wél op te slaan 

 

Kader A: Onderzoeksvraag per hoofdstuk 
 

� Hoofdstuk 2: In hoeverre zitten de neuronale processen van leren (encoding) en 

herinneren (retrieval) elkaar in de weg en ontstaat er een conflict in de hersenen 

als beide processen tegelijk plaatsvinden?  

� Hoofdstuk 3: de reallocatie hypothese: kan hersenactiviteit tijdens retrieval 

worden verklaard door de mentale inzet en de belasting van het geheugen? 

� Hoofdstuk 4: de reconstructie hypothese:  wat zijn de verschillen en 

overeenkomsten tussen inbeelden en herinneren en welke hersengebieden 

dragen bij aan een goede of slechte (her)beleving? 

� Hoofdstuk 5: de oriëntatie hypothese: kan het richten van aandacht – naar de 

omgeving (buiten) versus naar je gedachten (binnen) – de encoding/retrieval 

flip verklaren? 

� Hoofdstuk 6: de ademhalingshypothese: In hoeverre kan het fMRI signaal in de 

kern van het default-mode netwerk tijdens encoding verklaard worden door 

veranderingen in de ademhaling? 
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De fMRI scans laten zien dat de encoding/retrieval flip optreed in de kern van het default-

mode netwerk waneer leren en herinneren tegelijk plaats vinden. Daarnaast zijn de 

hersengebieden betrokken bij het opslaan van de foto's minder actief te zijn wanneer 

gelijktijdig een woord herinnerd wordt. Met andere woorden, hersenactiviteit voor encoding 

gaat niet samen met activiteit retrieval. Echter, de hersenscans tonen ook aan dat één gebied 

– in de linker prefrontale cortex – leren en herinneren binnen korte tijd ondersteunt. 

Aangezien opslaan en herinneren moeilijk tegelijkertijd kunnen plaatsvinden, zou dit gebied 

de hersenen kunnen helpen om snel te schakelen tussen de ‘leer-en herinnerstand'. Uit 

eerdere patiëntenstudies bleek al dat dit frontale gebied belangrijk is voor de snelle 

omschakeling tussen verschillende handelingen. Patiënten met een beschadiging aan dit 

gebied passen zich minder snel aan aan nieuwe situaties en blijven volharden in oude 

patronen. Hier tonen we aan dat dit frontale gebied ook belangrijk is voor het flexibel gebruik 

van het geheugen. De resultaten in hoofstuk 2 bevestigen de encoding/retrieval flip en laten 

zien dat de kern van het default-mode netwerk op een unieke wijze bijdraagt aan leren en 

herinneren. In de verdere hoofdstukken onderzoeken we een aantal mogelijke verklaringen 

voor de encoding/retrieval flip. 

 

Hoofdstuk 3: Verschillen tussen de retrieval gebieden van ons brein: het effect van tijd. 

De reallocatie hypothese stelt dat deactivaties van het default-mode netwerk het resultaat zijn 

van verschuiven (realloceren) van neuronale middelen. Als we iets encoderen in het 

geheugen, dan deactivateert het default-mode netwerk. Volgens de reallocatie hypothese gaat 

het encoderen goed wanneer we genoeg neuronale middelen toewijzen aan het 

encoderingsproces. Via “mentale inzet” kan de reallocatie hypothese mogelijk ook retrieval 

verklaren, als we veronderstellen dat retrieval meer neuronale middelen consumeert wanner 

we iets slecht of niet herinneren. Dit is consistent met het idee dat herinneren bestaat uit 

zoeken door het geheugen en mentale reconstructie. Het is ook gebruikelijk dat het langer 

duurt - en dus relatief meer moeite kost - om te reageren als we ons iets niet herinneren.  De 

reallocatie hypothese kan mogelijk de encoding/retrieval flip verklaren door te stellen dat 

hersenactiviteit een gevolg is van mentale inzet en dus de moeite waarmee iets wordt 

opgehaald uit het geheugen. Vooralsnog is de reallocatie hypothese nog nooit getoetst als een 

verklaring voor hersenactiviteit tijdens retrieval. 

 

Om de reallocatie hypothese te toetsen gebruikten we een geheugentaak waarbij het 

tijdsinterval tussen het opslaan en terughalen van informatie systematisch varieerde. 

Deelnemers lagen in een fMRI-scanner en evalueerden continu of woorden nieuw waren of 

dat ze deze reeds eerder hadden gezien. Ondertussen werden hun hersenen gescand. Als de 

tijd tussen de eerste en tweede keer aanbieden van een woord lang is, dan is het moeilijker 

om deze te herkennen, terwijl na een kort interval herinneren relatief makkelijk is. Moeilijke 

beslissingen kosten tegelijkertijd ook meer neuronale middelen. Als de reallocatie hypothese 

hersenactiviteit voor herinneren kan verklaren dan verwachten we dat na een lang interval er 

relatief meer toewijzing van neuronale middelen nodig is en dus minder hersenactiviteit in 

het default-mode netwerk. 
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De scans laten zien dat gebieden die betrokken zijn bij herinneren kunnen worden 

onderverdeeld in drie categorieën. De eerste groep gebieden - waaronder de hippocampus - 

laat een patroon zien dat consistent is met het gebruik van geheugen.  Deze gebieden laten 

meer activiteit zien als antwoorden meer afhankelijk zijn van het lange termijn geheugen. 

Een tweede groep gebieden laat een patroon zien dat samenhangt met de moeilijkheid van 

een beslissing en dus consistent is met de reallocatie hypothese. Maar de default-mode 

gebieden – waarop de reallocatie hypothese van toepassing is – vallen in een derde categorie. 

Deze groep laat een complexe interactie zien. Hersenactiviteit neemt af na een kort 

tijdsinterval maar voor de langste intervallen neemt activiteit juist toe. Wij interpreteren dit 

patroon als een combinatie van lange termijn geheugen en werkgeheugen. Tijdens een kort 

tijdsinterval wordt het werkgeheugen ingezet, maar na verloop van tijd moet het lange 

termijngeheugen steeds meer bijdragen. Los van deze interpretatie kan het patroon van 

hersenactiviteit in het default-mode netwerk niet verklaard kan worden door de reallocatie 

hypothese. 

 

Hoofdstuk 4: Geheugen versus inbeelding: neuronale correlaten van prestatie. 

Als je de kleur ogen van je moeder probeert te herinneren, dan construeer je in gedachten 

haar gezicht en inspecteer je de kleur van haar ogen. Het ophalen van een herinnering vereist 

een proces van reconstructie dat – als het goed gaat – resulteert in een herbeleving. Het 

inbeelden van een gezicht of situatie is grotendeels gebaseerd op dezelfde corticale 

mechanismen en in beide gevallen wordt het default-mode netwerk actief. De reconstructie 

hypothese stelt dat het default-mode netwerk actief wordt tijdens mentale reconstructie.  Het 

default-mode netwerk word actief tijdens inbeelden en herinneren omdat beiden dit 

onderliggende proces delen. In hoofdstuk 4 onderzoeken we welke componenten van 

inbeelding en geheugen worden gedeeld en hoe deze samenhangen met de hersenactiviteit in 

het default-mode netwerk. Daarnaast toetsen we of activiteit afhangt van een goede of slechte 

prestatie en in hoeverre het uitmaakt of je aan visuele of auditieve informatie denkt. 

 

Om inbeelding en geheugen te vergelijken hebben we proefpersonen op twee verschillende 

dagen gescand. Op de eerste dag testen we inbeelding van visuele en auditieve informatie. Na 

het inbeelden gaven de proefpersonen aan hoe goed hun prestatie/beleving was. Op de 

tweede dag toetsten we hun geheugen voor plaatjes en geluiden die ze de dag ervoor hadden 

ervaren. Dankzij deze test konden we kijken naar hersenactiviteit afhankelijk van de 

perceptuele beleving (visueel en auditief), taak (inbeeldingen en geheugen) en prestatie 

(succes en falen). We voorspelden in samenhang met de reconstructie hypothese dat het 

default-mode netwerk actief was tijdens succesvolle inbeelding en herinneren, onafhankelijk 

van zintuiglijke vorm, auditief of visueel. 

 

In de hersenen vonden we vier verschillende patronen onafhankelijk van de zintuiglijke 

vorm. 1: Het default-mode netwerk was betrokken bij succesvolle inbeelding en geheugen. 2: 

Verscheidene gebieden in de frontale cortex waren meer actief wanneer inbeelding en 

geheugen niet goed gingen. 3: Eén specifiek gebied in de linker  prefrontale cortex liet een 

interactie zien tussen falend geheugen en succesvolle inbeelding. We denken dat dit patroon 

te maken heeft met de bijdrage van semantische associaties uit het geheugen voor taal. 4: Een 
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laatste groep gebieden aan achterzijde van het brein liet de omgekeerde interactie zien. We 

denken dat dit patroon het gebruik van het werkgeheugen reflecteert. Over het algemeen 

blijkt een groot aantal hersengebieden dezelfde functie uit te voeren als informatie visueel of 

auditief wordt gerepresenteerd. Deze bevindingen zijn consistent met de reconstructie 

hypothese. Maar de interactie tussen geheugen en inbeelden wijst erop dat niet alle 

hersengebieden op dezelfde manier bijdragen aan deze verwante processen. Sommige van 

deze gebieden liggen vlak tegen het default-mode netwerk aan of overlappen zelfs. Meer 

onderzoek is nodig om daadwerkelijk de reconstructie hypothese verder te verifiëren of te 

ontkrachten. 

 

Hoofdstuk 5: De hippocampus is gekoppeld aan het default-mode netwerk tijdens 

herinneren, maar niet tijdens leren. 

Als je aan een gebeurtenis uit je verleden terugdenkt dan keert je aandacht naar “binnen”. 

Tijdens leren moet je aandacht naar “buiten” worden gericht, op de informatie die moet 

worden opgeslagen. Volgens de oriëntatie hypothese kan de encoding/retrieval flip - in 

gebieden van het default-mode netwerk - het beste worden verklaard door het oriënteren van 

aandacht. Het default-mode netwerk moet uit (deactiveert)  tijdens encoding vanwege het 

naar buiten richten van aandacht. Tijdens retrieval gaat het netwerk aan (activeert)  omdat je 

aandacht naar binnen is gericht, op de informatie uit het geheugen. De koppelingshypothese 

beweert dit richten van aandacht niet zo belangrijk is. Juist de communicatie tussen de 

hippocampus – een gebied cruciaal voor geheugen – en de rest van het default-mode netwerk 

verklaart de prestatie van het geheugen. 

 

In hoofdstuk 5 hebben we beide hypothesen getoetst. Hiervoor hebben we het experiment uit 

hoofstuk 4, naar inbeelden en herinneren, gecombineerd met een leertaak. Op dag 1 moesten 

de deelnemers informatie opslaan en inbeelden. Op dag 2 toetsten we het geheugen voor deze 

informatie. Daarnaast hebben we ook scans verzameld tijdens rust om de omvang van het 

default-mode netwerk nauwkeurig te bepalen. Volgens de oriëntatie hypothese zou het 

default-mode netwerk actief moeten worden tijdens het inbeelden van informatie, terwijl 

tijdens het waarnemen van informatie het default-netwerk uit moet. De koppelingshypothese 

stelt dat het ontkoppelen van de hippocampus tenopzichten van het default-mode netwerk  

belangrijk is voor het opslaan van informatie. Dus tijdens inbeelden en observeren moet de 

hippocampus ontkoppeld worden van het default-mode netwerk, en laten deze gebieden 

omgekeerde patronen van activiteit zien. 

 

De resultaten van de fMRI scans waren consistent met de koppelingshypothese. Ondanks dat 

het default-mode netwerk actief werd tijdens het inbeelden van informatie, ging het 

encoderen van informatie nog steeds gepaard met deactivatie van het default-mode netwerk. 

Dankzij de rust data konden we de individuele default-mode gebieden nauwkeurig 

localiseren. We vonden dat de hippocampus werd ontkoppeld van de andere default-mode 

gebieden tijdens leren. Dit geeft aan dat individuele gebieden van het default-mode netwerk 

flexibel kunnen ontkoppelen en aankoppelen, afhankelijk van de situatie. De rol van de 

hippocampus ten opzichte van ander default-mode gebieden is bijzonder interessant. Vooral 

omdat schade aan de hippocampus kan resulteren in geheugenverlies. De huidige 
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bevindingen illustreren dat we voor het verklaren van de werking van het geheugen niet 

alleen moeten kijken naar het functioneren van de hippocampus, maar ook naar de 

interacties met het default-mode netwerk. We moeten op basis van deze data concluderen dat 

de encoding/retrieval flip kan niet gemakkelijk verklaard worden door de oriëntatie hypothese. 

Hoofstuk 6: De invloed van ademhaling op de deactivatie in de kern van het default- 

mode netwerk tijdens leren: een functionele MRI studie. 

Onze hersenen zijn onderdeel van het lichaam en dat heeft gevolgen. Iets buitengewoon 

moois of meeslepends kan adembenemend zijn. Niet alleen fysieke inspanningen maar ook 

cognitieve processen kunnen onze ademhaling vertragen of versnellen. Zulke veranderingen 

in de ademhaling zijn een potentieel probleem voor het isoleren van cognitieve processen 

met behulp van fMRI. Het meten van hersenactiviteit door middel van MRI gaat indirect en 

hangt af van de hoeveelheid zuurstof in het bloed. Wanneer neuronen actief zijn verbruiken 

ze meer zuurstof. Omdat de hersenen geen zuurstof (of energie) opslaan, wordt dit relatief 

snel aangeleverd door  bloedvaten overal door het brein. Functionele MRI meet deze reactie 

in bloedtoevoer. Recentelijk is duidelijk geworden dat sommige hersengebieden extra 

gevoelig zijn voor veranderingen in ademhaling. Het fMRI signaal in deze gebieden verandert 

dus mogelijk - niet alleen door het vuren van neuronen - maar ook door fluctuaties in de 

ademhaling. Vooral de posterior midline regio - algemeen gezien als het kerngebied van het 

default-mode netwerk - lijkt bijzonder gevoelig voor veranderingen in ademhaling door 

dikke bloedvaten.  Het is dus onduidelijk of de eerder genoemde afname in hersenactiviteit 

tijdens leren daadwerkelijk het gevolg is van de activiteit van neuronen. 

 

In hoofdstuk 6 onderzoeken we de vraag in hoeverre verschillen in het fMRI signaal, tussen 

goed opslaan (leren) versus slecht opslaan (of vergeten), samenhangen met dynamische 

veranderingen in de ademhaling. Het is bekend dat veranderingen in aandacht  niet alleen 

invloed hebben op cognitieve processen maar ook invloed hebben op de ademhaling. De 

hypothese is dat veranderingen in ademhaling niet willekeurig plaatsvinden, maar een 

voorspellende waarde hebben. Ademhaling kan dus voorspellen of informatie zal worden 

onthouden of vergeten. Om deze ademhalingshypothese te toetsen hebben we onze 

deelnemers woorden laten leren, terwijl ze hun adem voor korte periode in hielden. Als je de 

adem inhoudt zijn er geen natuurlijke respiratie schommelingen. Een verschil in activiteit 

 gebaseerd op die perioden kan dus ook niet worden beïnvloed door ademhaling. Daarnaast 

hebben we de deelnemers laten leren in de fMRI-scanner terwijl we de natuurlijke 

veranderingen in ademhaling registreerden. 

 

De resultaten bevestigden dat ademhaling verandert tijdens het doen van een leertaak. We 

vonden een sterkere fluctuatie in de ademhalingscyclus tijdens het succesvol opslaan van een 

woord ten opzichte van woorden die worden vergeten. De fMRI scans lieten een sterke 

vermindering zien van het “encoderings signaal” in de posterior midline regio  op het 

moment dat de deelnemers hun adem in hielden.  Hersengebieden betrokken bij leren in de 

prefontrale cortex - die minder gevoelig zijn voor ademhaling- lieten geen verandering zien 

tussen leren tijdens normale condities versus wanneer de adem wordt ingehouden. De 

deelnemers met de grootste afname in fMRI signaal lieten ook de sterkste fluctuaties zien in 

hun ademhaling. Met andere woorden, we vinden bewijs voor de ademhalingshypothese: een 
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substantieel gedeelte van het fMRI signaal in de posterior midline regio – tot nu toe 

gekoppeld aan leren – heeft waarschijnlijk geen neuronale basis.  Verder onderzoek moet 

uitwijzen in hoeverre dynamische veranderingen in ademhaling een probleem zijn in de 

huidige, ongecontroleerde studies naar hersenactiviteit in posterior midline regio. 

 

Conclusies 

De experimenten in dit proefschrift hebben geleid tot een aantal nieuwe inzichten in de 

werking van het geheugen en de rol van het default-mode netwerk. Ten eerste hebben we de 

encoding/retrieval flip aangetoond in het kerngebied van het default-mode netwerk; de 

posterior midline regio.  De encoding/retrieval flip gaat samen met een conflict tussen 

encoding en retrieval processen met duidelijke consequenties voor de geheugenprestatie. Ten 

tweede sluiten de bevindingen een aantal voor de hand liggende verklaringen voor de rol van 

default-mode netwerk uit, zoals de reallocatie en oriëntatie hypothese. Ten derde geven de 

bevindingen met betrekking tot ademhaling aan dat we voorzichtig moeten zijn met slechts 

één cognitieve/neurale verklaring. De conclusie van dit proefschrift is dan ook dat, ondanks 

dat het  beschreven onderzoek de rol van het default netwerk in geheugen meer heeft 

verduidelijkt met betrekking tot individuele factoren, er waarschijnlijk meerdere van de 

beschreven factoren gezamenlijk bijdragen aan het flip patroon. Toekomstig onderzoek zal 

dit verder uit moeten maken. 

 



 

 136 



 

 137 

Dankwoord 
Sander, vier jaar geleden wist ik weinig tot niets van geheugen of functionele MRI. Nu mag ik 

mijzelf een expert noemen en dat heb ik aan jou te danken. Daarnaast heb je me geleerd hoe 

ik “alioli” kan maken, hoe ik mijn mes moet aanzetten en waarom je geen whisky moet 

drinken de dag voor een presentatie. Je bent een voorbeeld op en buiten het werk. Ik hoop 

dat we aan beide kanten van de oceaan regelmatig blijven samenwerken aan wetenschap of 

tapas. 
 

Cyriel, bedankt voor je constructieve commentaar op mijn experimenten, papers en  

proefschrift. Het was een groot plezier om in je groep te mogen werken. Je hebt me beter 

leren schrijven en presenteren. Henrique: thanks for the football as a subject for conversation 

during lunch and on Sunday afternoons. Jan and Wim, thanks for proof-reading my thesis, I 

am sure you can still find another typo, but please don’t. Martin, look at this: the first 

published reference to the pointer-theory (Theoretica Grandados!). Pieter, Tobias, Marijn, 

Jeroen, Hemi, Laura, Carien, Catalin, Tara, Silvio, Jadin and Francesco, thanks for teaching 

me about these cells that reside within a voxel. Although I love to give you guys sh*t about 

the vermin brains you’re working with, I actually learned a great deal from all of you. 
 

Marle, bedankt! Je bent de stagiaire waar ik het meest van geleerd heb. Al staat je werk niet in 

dit boekje (het is wel gepubliceerd). We werken er nog steeds aan en ik hoop dat je ons komt 

interviewen, zodra we wat spannends te vertellen hebben. Kendall and Yuval, it was a 

pleasure working with both of you. You guys helped produce two chapters and a third paper 

that is not included. Mental imagery for sounds was a crazy plan, but it worked out 

wonderfully. Ola and Ewa, look at the final chapter – it is getting there. Good luck in Krakow 

with your PhDs and do send me a link once your work is in print. Vincenzo, lets not talk 

about TMS, get another Cioccomacchidoppiostretto© and find you a PhD. Once I have my 

own TMS lab, I’ll hire you in a second. 
 

Bas en Chris, bedankt voor de tijd in Utrecht. Zonder jullie was dit boekje er niet geweest. 

Sander en Jac waar jullie ook wonen, of waar ik ook zit, tot snel. Ivar, het verbaast me nog 

steeds hoeveel interesse je toont voor mijn onderzoek. Hopelijk woon je over 29 jaar nog 

steeds om de hoek – waar dan ook – en hopelijk droog ik je dan af met PES 2039... Hej, Anja 

jij hier? Bedankt voor de mooie tijd in Zuid. 
 

Mam, bedankt voor mijn opvoeding. Het zijn niet de makkelijkste vier jaren geweest, maar 

ook niet de moeilijkste. Ik ben en blijf je eeuwig dankbaar en vertrouw erop dat je drie keer 

per jaar langskomt in de VS (minstens!). Mark ook bedankt voor de laatste 18 jaar. Bas, je 

bent de beste broer van de hele wereld. Lisette, ook jij bent een voorbeeld en ik heb met 

regelmaat door je proefschrift zitten bladeren, om te zien hoe het moet. Lies en Marc, geniet 

van Amsterdam, het is altijd geweldig om met jullie af te spreken. Mieke, Geert, Barbara, 

Freek, Getty en Geert-Jan: ik ben blij om één grote Brabantse familie te zijn met jullie. 
 

Tenslotte Fee, je hebt zoveel bijgedragen dat je eigenlijk een co-auteur hoort te zijn.  

Jij bent alles voor me. 



 

 139 

List of publications 
� Neggers SF, Huijbers W, Vrijlandt CM, Vlaskamp BN, Schutter DJ, Kenemans JL. TMS 

pulses on the frontal eye fields break coupling between visuospatial attention and eye 

movements. Journal of Neurophysiology (2007). 

� Huijbers W, Pennartz CM, Cabeza R, Daselaar SM. When learning and remembering 

compete: a functional MRI study. PLoS Biology (2009). 

� Van Ettinger-Veenstra HM, Huijbers W, Gutteling TP, Vink M, Kenemans JL, Neggers 

SF. fMRI guided TMS on cortical eye fields: the frontal but not intraparietal eye fields 

regulate the coupling between visuo-spatial attention and eye movements. Journal of 

neurophysiology (2009). 

� Huijbers W, Pennartz CMA, Daselaar SM. Dissociating the ‘retrieval success’ regions of 

the brain: effects of retrieval delay. Neuropsychologia (2009). 

� Daselaar SM, Huijbers W, de Jonge M, Goltstein PG, Pennartz CMA. Experience-

dependent alterations in conscious resting state activity following perceptuomotor 

learning. Neurobiology of Learning and Memory (2010). 

� Daselaar, SM, Porat, Y, Huijbers, W, Pennartz, CMA. Modality-specific and modality-

independent components of the human imagery system. Neuroimage (2010). 

� Kalenscher T, Daselaar SM, Huijbers W, Tobler PN, Pennartz CMA. Neural signatures 

of intransitive preferences. Frontiers in Human Neuroscience (2010). 

 

Submitted for publication 

� Huijbers W, Pennartz CMA, Cabeza R, Daselaar SM. The hippocampus is coupled with 

the default network during memory retrieval but not during memory encoding. 

� Huijbers W, Pennartz CMA, Rubin DC, Daselaar, SM. Memory Retrieval vs. Mental 

Imagery: Neural correlates of high and low performance. 
 

� Huijbers W, Pennartz CMA, Beldzik E,  Domagala A, Vinck, M, Hofman W, H 

Daselaar, SM. Effects of respiration on posterior midline deactivations during memory 

encoding: a functional MRI study.  

 

 

 

 


