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ABSTRACT 
 
 
 Supervising Professor:  Michael D. Rugg 
 
 
 
 
Episodic retrieval is not a homogeneous process, but rather involves the engagement of several 

dissociable cognitive processes. These processes include those specialized for memory functions, 

such as hippocampally mediated pattern completion processes, as well as generic cognitive 

control processes linked with activity in the frontal cortex. Thus, age-related decline in episodic 

memory performance is not consistent across all aspects of retrieval, but dissociable sub-

processes contributing to successful retrieval are affected to differing extents. To examine age-

related differences in processes contributing to retrieval, we investigated the neural correlates of 

recollection and post-retrieval monitoring in samples of younger and older adults using ERP 

(experiment 1: Ns 20 per group) and fMRI (experiment 2: Ns 28 per group). In experiment 1, we 

focused on modulation of recollection-related activity (operationalized as subjective report using 

the RKN procedure) as a function of source accuracy. In experiment 2, we examined how 

varying the global task demand of an associative recognition task by adding a secondary tone 

detection task might modulate prefrontal monitoring effects in younger and older adults. Across 

experiments, we found that both age groups activated a common set of regions supporting 

memory retrieval (in most cases), but that older adults demonstrated less modulation of 

recollection- and monitoring-related activity. This finding suggests that a breakdown in the 

ability to dynamically modulate activity supporting retrieval according to online task demands 

may be a key factor underlying the decline in memory performance with advancing age.  
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CHAPTER 1 
 

INTRODUCTION: BACKGROUND AND SIGNIFICANCE 
 
 
1.1 Episodic memory framework 

Episodic memory is the capacity to remember a specific past event (Tulving, 2002). This 

cognitive function can be broken down into three key stages: encoding, consolidation/storage, 

and retrieval (for review see Rugg, 2004). Although the focus of the present work is on retrieval, 

it is worth pointing out that encoding and consolidation are critical for successful retrieval. Thus, 

it is always important to bear in mind that any failure of retrieval may be due to inadequate 

encoding or consolidation; it may not necessarily reflect a failure specifically of retrieval-related 

processes. This is particularly relevant in the context of aging; there is much evidence that 

encoding inefficiency is a major contributor to memory decline (Grady, McIntosh, & Craik, 

2003; Luo & Craik, 2008).  

The two experiments described here focus on episodic retrieval, which can be further 

broken down into three stages (Rugg, 2004; Rugg & Wilding, 2000): pre-retrieval occurs when a 

cue (whether encountered or internal) initiates a memory search. The cognitive processes 

operating on the retrieval cue vary according to task demands (e.g., whether color is relevant, as 

is the case in testing paradigms where participants are cued to recall the color in which items 

were presented). According to the ‘cortical reinstatement’ framework, the pattern of activity 

produced by online processing of an event during encoding is stored in the hippocampus. Later, a 

partial cue (e.g., one member of a studied pair of images presented as a retrieval cue for its 

partner) leads to reinstatement of the hippocampally-stored pattern of encoding activity and thus 

retrieval of the memory (for review see Rugg, Johnson, Park, & Uncapher, 2008).  Once 

mnemonic information has been retrieved, monitoring processes can then be called upon to 

evaluate the contents of retrieved memories, sometimes initiating a loop back through the earlier 

stages until a memory decision is made (Figure 1.1).  
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Figure 1.1. Schematic depicting the three stages of episodic retrieval. Figure reprinted with 
permission from Rugg (2004).  

 
We further narrow our focus to the final two stages, retrieval and post-retrieval 

processing. Our investigation of the electrophysiological correlates of retrieval processes in 

experiment 1 focused on the distinction between two qualitatively different memory signals that 

can give rise to memory retrieval (recollection and familiarity; more on this in section 1.1.1). 

Retrieval monitoring occurs when initial retrieval attempts produce information that is 

ambiguous with respect to current task goals, necessitating further memory search or evaluation 

of retrieved information (Henson, Rugg, Shallice, & Dolan, 2000). In our examination of the 

post-retrieval stage we focused on monitoring effects (i.e., neural activity associated with the 

evaluation of retrieved information during a recognition memory task) and their relation to 

cognitive control processes. In experiment 1, we examined whether monitoring effects were 

elicited in the case of familiarity- and recollection-based retrieval, and whether source accuracy 

for self-reported recollected items modulated the magnitude of monitoring effects. In experiment 

2, we sought to manipulate the availability of domain-general cognitive control resources that we 

hypothesized to support post-retrieval monitoring by adding a secondary tone detection task 

during associative retrieval.  

 

1.1.1 Dissociating recollection and familiarity  

In dual-process models, recollection is frequently conceptualized as a thresholded 

memory signal that involves retrieval of qualitative information about an event (e.g., time, 

location, or perceptual details). Recollection supports associative memory (i.e., memory for 

associations between unrelated items) and recollection-based memory decisions typically attract 
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high confidence ratings. Familiarity, on the other hand, is thought of as a continuously varying 

memory signal relying on assessment of memory strength, and familiarity-based memory 

decisions attract a wide range of confidence ratings. In other words, when a familiarity signal is 

strong enough to surpass a (variable) criterion threshold, the event or stimulus is endorsed as 

previously encountered (for reviews see Yonelinas, 2002; Yonelinas, Aly, Wang, & Koen, 

2010). Recollection is well captured by the three-stage model of retrieval outlined above. By this 

view, familiarity can be considered ‘failed recollection’ (Rugg, 2004).  

 When investigating the neural correlates of retrieval, it is important to use a memory task 

that allows one to dissociate neural activity related to recollection and familiarity. Here we 

focused on three recognition memory paradigms researchers have used to disentangle these 

processes. The first of these is the remember/know/new (RKN) procedure (Tulving, 1985; for 

review see Yonelinas, 2002), in which subjective judgments of recollection and familiarity are 

elicited from participants. In this procedure, following presentation of items during an encoding 

phase, participants are presented with a list of intermixed studied and new items and asked to 

make one of three judgments for each item: a remember (R) response indicates the item was 

studied and the participant is also able to recall some detail about its earlier presentation 

(indicating the judgment was based on recollection), a know (K) response that the item was 

studied but no additional details about the study episode are recalled (indicating the judgment 

was based on familiarity), and a new (N) response that the participant believes the item was not 

studied. A common modification of this paradigm is to break K responses down via confidence 

ratings (Wang, De Chastelaine, Minton, & Rugg, 2012; Woodruff, Hayama, & Rugg, 2006; 

Yonelinas, Otten, Shaw, & Rugg, 2005; Yu & Rugg, 2010). In this paradigm, instead of giving a 

simple K response, participants are asked to give a confidence rating (high-confidence old, low-

confidence old, low-confidence new, high-confidence new). This allows for comparison between 

high-confidence K and R responses, and therefore is useful in disentangling neural activity 

associated with memory strength and subjectively different mnemonic processes upon which 

recognition decisions are based.  

 A second procedure by which recollection and familiarity are dissociated in recognition 

memory is to elicit source memory judgments (for review see Mitchell & Johnson, 2009). In this 
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paradigm, contextual details of study items (e.g., location, font color, scene pairing) must be 

retrieved. Following an encoding phase, intermixed studied and new items are presented to 

participants, and when a ‘studied’ judgment is given, the requirement is to then judge in which 

context the item was studied (e.g., at left or right of the screen, in red or green font, or with an 

indoor or outdoor scene). Correctly recognized items also eliciting a correct source judgment are 

assumed to reflect recollection, while correctly recognized items eliciting an incorrect source 

judgment (or, as is often provided in this paradigm, a don’t know response) are assumed to 

reflect either familiarity-based retrieval or recollection of non-criterial details. An advantage of 

source memory over the RKN procedure is that it does not rely solely on participants’ subjective 

assessment of details associated with the studied item, but a limitation is that it does not account 

for non-criterial recollection, that is, recollection of details about the study episode that are non-

diagnostic of source (unlike the RKN procedure). Some studies have combined the RKN and 

source memory procedures (Duarte, Ranganath, & Knight, 2005; Duarte, Ranganath, Trujillo, & 

Knight, 2006; Yu, Johnson, & Rugg, 2012b) as we have done here in experiment 1 (Chapter 2). 

In this combined procedure, items endorsed as studied (with an R response in the present 

paradigm, or with R and K responses in the paradigms adopted by Duarte et al., 2005, and Yu 

and Rugg, 2010), go onto to a source memory judgment (see also Duarte, Henson, and Graham, 

2008, and Duarte, Graham, and Henson, 2010, where a source judgment was required regardless 

of the initial response and participants were instructed to give a don’t know response for items 

judged new). The addition of source judgments to the paradigm allows for a direct contrast 

between subsets of subjectively recollected items (i.e., remember responses) according to 

whether an experimentally controlled detail was retrieved (i.e., source accuracy).  

 The third paradigm used to dissociate recollection and familiarity in recognition memory 

experiments is the associative recognition procedure (Hockley & Consoli, 1999; Naveh-

Benjamin, 2000), which we employed in experiment 2 (Chapter 3). Participants study a list of 

paired items at encoding, and then at retrieval studied items (in original and recombined 

pairings) are intermixed with new items with the requirement to judge whether each pair is intact 

(two words that were paired together at study), rearranged (two studied words not originally 

paired together) or new (a pair of words not presented at study). In some cases, a fourth response 
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is also available, indicating that the participant judges one of the items to be studied and the other 

to be new; here we only provided three options to simplify the task for older participants. The 

critical manipulation here is that for intact and rearranged pairs, familiarity of the individual 

items is held constant (i.e., participants have encountered all items included in these pairs during 

the encoding phase). Correctly endorsing a pair as intact requires one to remember the 

association between the individual items comprising a study pair and is therefore thought to 

reflect recollection. Correctly judging a pair as rearranged, on the other hand, can involve 

recollection, familiarity, or some combination of the two processes. To make a rearranged 

judgment, it is sufficient to recognize both items as having been studied; however, it is also 

possible to make a rearranged judgment on the basis of remembering the original pairings for 

one or both items, the so-called ‘recall-to-reject’ strategy (Hintzman, Caulton, & Levitin, 1998; 

Rotello & Heit, 2000).   

 Experiments 1 and 2 made use of the aforementioned procedures for dissociating 

recollection and familiarity, but it is also worth briefly describing two additional procedures 

often discussed in the literature: the process dissociation (PD) procedure and receiver operating 

characteristic (ROC) curves. Process dissociation involves comparison of recognition memory 

under two sets of instructions (‘inclusion’ and ‘exclusion’ in the originally developed PD 

procedure). As an example, let us imagine an experiment in which words are presented either 

visually or auditorily at study, and later two sets of instructions are used for a recognition 

memory test. Under ‘inclusion’ instructions, participants respond ‘old’ to any studied item, while 

the ‘exclusion’ condition requires them to respond ‘old’ only to items studied in a particular 

condition (e.g., items presented visually) and to respond ‘new’ either to items that were not 

studied, or to items that were studied but not in the ‘target’ condition (e.g., items presented 

auditorily). Recollection and familiarity are thought to jointly contribute to performance in the 

inclusion condition, while recollection of the encoding modality of an item (in this example) is 

necessary to distinguish ‘target’ from ‘nontarget’ old items in the exclusion condition (Jacoby, 

1991).  

ROC curves are plots of the proportion of correctly recognized old items (hit rate) vs. the 

proportion of new items incorrectly endorsed as old (false alarm rate) at different criterion 
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settings (often operationalized as confidence ratings in recognition memory tasks). For example, 

if participants rated old/new judgments at six confidence levels, points are plotted at the hit & 

false alarm rates for items receiving a rating of 1 (most confident old response), then for items 

receiving a rating of 1 or 2, and so on until responses including all confidence levels are plotted 

(Yonelinas, 1994, 1999). The shape of the resulting ROC curve gives us information about the 

relationship between accuracy and response bias (for review see Yonelinas & Parks, 2007). A 

straight line on the diagonal indicates memory performance is at chance, and increasing accuracy 

is represented by a line closer to the upper left corner of the plot (indicating a high hit rate and a 

low false alarm rate). Accuracy can be measured as the area under the curve, with greater area 

corresponding to better memory performance. ROC curves thus allow researchers to compare 

theoretical predictions about memory and examine contributions of recollection and familiarity 

estimates obtained using one of the experimental procedures discussed above (assuming a dual 

process theoretical perspective) to memory performance (see Figure 1.2 for an illustrative 

example).  

 
Figure 1.2. Example of an ROC curve plotted for an experiment comparing strong (two study 
presentations) and weak (one study presentation) items. Note the differing shape and area under 
the curve for strong and weak items, indicating greatest accuracy for items presented twice at 
encoding relative to items presented once. At right, the z-transformed ROC curves. Figure 
reprinted with permission from Yonelinas & Parks (2007).  
 
1.2 Cognitive function and aging 

 There is a general consensus that aging is associated with a reduction in performance in a 

wide range of cognitive domains, particularly in executive control and working memory (for 
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reviews see Buckner, 2004; Grady, 2012; Hedden & Gabrieli, 2004). It is likely that decline in 

these more generic functions contributes significantly to age-related decline in episodic memory, 

which declines more sharply than other forms of memory, such as semantic and procedural 

memory (for reviews see Grady, 2012; Nyberg, Lovden, Riklund, Lindenberger, & Backman, 

2012). Longitudinal evidence indicates a steeper trajectory of decline for episodic relative to 

semantic memory beginning after around age 60 (Figure 1.3). In a meta-analysis comparing item 

and associative memory in young and older adults, Old and Naveh-Benjamin (2008) found that 

although there was an overall effect of age on memory performance (i.e., reduced performance in 

older relative to younger adults), the effect was more pronounced for associative memory, 

requiring recollection, compared to item memory, which can be supported by recollection, 

familiarity, or a combination of the two. Furthermore, this finding held true for several types of 

item-context associations (source, context, temporal order, and location), as well as for item-item 

associations. Koen and Yonelinas (2016) compared recollection and familiarity estimates 

calculated using three different methods: the RKN procedure, ROC curves, and the PD 

procedure. The authors found that for all three estimation methods, in healthy older adults 

between 40 and 81 years old, recollection, but not familiarity, negatively covaried with age, 

indicating a steeper decline for recollection with advancing age.  

 

 
Figure 1.3. Illustration of age-related change in episodic and semantic memory assessed via 
cross-sectional and longitudinal data. a) Cross-sectional data indicate early onset of decline. c) 
Controlling for effects of previous testing, longitudinal data indicate a later onset and steeper 
trajectory of decline for episodic memory, beginning after age 60. Figure reprinted with 
permission from Nyberg et al., 2012.  
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1.2.1 Relationship between cognitive performance and brain activity in aging 

Recent work has highlighted the importance of examining how changes in memory 

performance are related to changes in brain structure and function with advancing age (for 

review see Rugg, 2016). Experiments 1 and 2 utilized a cross-sectional approach to investigate 

age-related differences in memory function. In this approach, measures of memory performance 

and brain activity are contrasted between groups of younger and older adults; compare this to a 

longitudinal approach, in which individual measures are contrasted within-subjects over time. 

Cross-sectional studies often present a challenging confound between differences in performance 

and brain activity attributable to the effects of aging versus cohort and survivor effects (i.e., the 

proportion of younger adults in a sample who will age as ‘successfully’ as the older adults in the 

sample is unknown). Birth cohort can account for an unknown amount of variance in 

performance simply due to the different environmental circumstances in which people were 

raised. The ‘Flynn effect’ is a well-known example of this issue: un-normed IQ scores rise by 

approximately 3 points per decade as measured by population norms (Trahan, Stuebing, Fletcher, 

& Hiscock, 2014). A similar cohort effect has also been demonstrated for episodic memory 

performance, a finding that warrants caution in the interpretation of cross-sectional memory 

studies (Baxendale, 2010; Ronnlund & Nilsson, 2009; Rugg, 2016).  

Another issue with cross-sectional studies is that it is not possible to disentangle the 

contributions of age-related and age-invariant factors to individual differences in performance. 

Without knowing the trajectory of each individual’s performance over time, it is difficult to 

interpret age-related differences. A low-performing older adult may have demonstrated a similar 

level of performance in her/his youth, in which case that person’s performance would be 

considered well preserved. Alternatively, a high-performing older adult may have performed 

much higher in her/his youth, in which case s/he has experienced a steeper decline in 

performance relative to the low-performer. In this example, simply comparing these individuals’ 

scores to younger adults would have suggested the opposite trajectories for the two hypothetical 

older adults. When conducting cross-sectional studies, it is best to match performance between 

age groups if possible, or at least to take performance differences into account and apply caution 

when interpreting results. This is an important point because differences in performance can 
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themselves underlie differences in brain activity, making it difficult to disentangle age- and 

performance-related factors (Rugg, 2016). 

Despite these caveats, it is often necessary to rely on a cross-sectional approach (as is the 

case for the work described here). The reasons for this are largely practical: longitudinal research 

is considerably more expensive and time-consuming than cross-sectional work. The 

consequences of a non-optimized experimental design are more extreme in the case of a 

longitudinal study, since all participants must be administered the same tasks. It is therefore 

worthwhile to obtain initial cross-sectional evidence pertaining to a hypothesis, which can be 

followed by longitudinal research once the experimental design has been refined and validated in 

cross-sectional samples. When interpreting cross-sectional evidence, we are careful not to draw 

unsupported conclusions about aging based on observed age-related differences. Nonetheless, it 

is still possible to obtain useful information regarding our hypotheses and any observed age-

related differences can inform future longitudinal work to disentangle aging and cohort effects.  

A recent review article (Cabeza et al., 2018) outlined consensus definitions for concepts 

frequently applied to the interpretation of age-related differences in activity and function: 

compensation, maintenance, and reserve. Compensation refers to the engagement of additional 

neural resources beneficial to performance (although it should be noted that available resources 

are not always sufficient to meet task demands). Compensatory resources are recruited in 

response to increased task demands, and therefore are transient in nature, often manifesting as 

upregulation of activity or functional connectivity. This type of modulation in response to task 

demands is not exclusive to counteracting age-related decline; younger adults also modulate the 

application of neural resources to meet task demands, as illustrated in Figure 1.4 (this concept is 

discussed in greater detail in Chapter 3). Maintenance is a process that takes place throughout the 

lifespan and is simply the preservation of neural resources via mechanisms such as plasticity and 

repair. Maintenance has been used to describe the situation of high-performing older individuals 

in whom the pattern and level of neural activity closely resembles that of younger adults 

(although without longitudinal evidence it is difficult to know whether this is truly the case, as 

discussed above). When neural resources are well preserved throughout the lifespan, 

performance is more likely to remain stable without requiring recruitment of additional 



 

10 

resources. Reserve is similar to maintenance, but rather than a restoration of neural resources, it 

refers to the accumulation of resources that mitigate the effects of age-related decline. Reserve 

has been linked to lifestyle factors such as education and socioeconomic status, and the 

accumulation of these protective resources generally occurs before the onset of age-related 

declines in neural structure and function. One example of reserve has been noted in the case of 

neurodegenerative diseases such as Alzheimer’s, for individuals in whom decline in cognitive 

abilities onsets at a later stage of neural degradation.   

 

 
Figure 1.4. Illustration of the CRUNCH model introduced by Reuter-Lorenz & Cappell (2008). 
Additional neural resources are employed to meet task demands until a ‘crunch point’ is reached 
and activity drops off. Older adults reach this point at a lower level of task demand, relative to 
younger adults. Figure reprinted with permission from Cabeza et al. (2018).  
 
1.2.2 Cognitive control and episodic memory in aging 

 Executive function loosely refers to cognitive processes associated with top-down 

control, such as maintaining task goals or switching between tasks, controlling attention, holding 

and manipulating information (working memory), and inhibiting irrelevant information 

according to current task goals (for review see Diamond, 2013). Although there is much debate 

over how to properly define and group these processes (Jurado & Rosselli, 2007; Salthouse, 

2005), it is widely acknowledged that they decline with age. One mechanism underlying the 

decline of executive function may be detrimental changes in prefrontal cortex, which is 

particularly susceptible to age-related degradation in grey and white matter (Buckner, 2004; 

Dennis & Cabeza, 2008; Tromp, Dufour, Lithfous, Pebayle, & Després, 2015). Prefrontal cortex 
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is thought to be particularly important for executive function, with different aspects of executive 

control linked to different prefrontal regions operating in concert with networks including 

regions distributed throughout the brain (Jurado & Rosselli, 2007; Miller & Cohen, 2001). For 

instance, Cocchi, Zalesky, Fornito, and Mattingley (2013) suggested a model of cognitive control 

involving dynamic interplay between three networks of distributed brain regions. The default 

mode network (DMN; including medial prefrontal, posterior cingulate, lateral parietal, and 

medial temporal regions) is associated with inward-directed or self-referential cognition. 

Antagonistically opposed to the DMN is the fronto-parietal network (including dorsolateral 

prefrontal and superior parietal regions, which is concerned with trial-by-trial control of task 

demands. Finally, the cingulo-opercular network (including anterior insula and dorsal anterior 

cingulate cortex) is thought to play an important role in coordinating the balance between 

activity in these two networks according to current task demands. The interplay between these 

frontally mediated networks and their involvement with other networks throughout the brain is 

thus highly related to the nature of the current task(s) and what resources are required to maintain 

task performance. Structural and functional changes in prefrontal cortex have been linked to age-

related differences in performance and strategy use (Rypma, Berger, Genova, Rebbechi, & 

D’Esposito, 2005; Rypma & D’Esposito, 2000). Episodic memory retrieval is supported by 

multiple processes; specialized memory processes relying on the hippocampus and other 

structures in the medial temporal lobe (MTL) which interact with frontally mediated control 

processes relying on the networks described above (for an early review see Simons & Spiers, 

2003).  

The general reduction in executive control with increasing age may also affect episodic 

memory by impairing the implementation of optimal strategies in service of task goals; older 

adults are less likely than young adults to spontaneously apply strategies beneficial to encoding 

or retrieval of episodic memories (see Craik & Rose, 2012 for a review of age-related deficits at 

encoding). Environmental support (i.e., providing explicit strategies or structuring a task to force 

the adoption of adaptive strategies) has been shown to disproportionately improve memory 

performance in healthy older adults (Craik, 1983; Dulas & Duarte, 2014; Yubero, Gil, Paul, & 

Maestu, 2011). Reduction of cognitive control may also contribute to the steeper age-related 
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decline in recollection relative to familiarity (Koen & Yonelinas, 2014), as recollection is 

thought to be the more controlled process (Luo & Craik, 2008).  

 

1.3 Neuroimaging methodologies 

 Experiments 1 and 2 utilized two separate neuroimaging methodologies to examine brain 

activity during task performance: EEG in experiment 1, and fMRI in experiment 2. Each method 

affords us a glimpse into the patterns of brain activity associated with task performance, but 

neither is capable of elucidating a causal link between performance and activity. A brief 

description of each method and its individual strengths and weaknesses follows (technical details 

for each approach are provided in Chapters 2 and 3, respectively).  

 

1.3.1 EEG/ERP 

Using electrodes placed on the scalp, electroencephalography (EEG) measures the 

voltage fluctuations resulting from postsynaptic potentials (changes in dendritic potentials 

resulting from neurotransmitter release) summed across a large number of cells whose dendrites 

are aligned in roughly the same orientation (Luck, 2014). By time-locking the recording of EEG 

to relevant events (e.g., onset of stimulus presentation) and averaging over trials to reduce the 

contribution of electrical activity unrelated to the events of interest, event-related potentials 

(ERPs) are obtained. ERPs reflect the neural response to a given type of event, such as trials 

associated with successful or unsuccessful memory retrieval. EEG has excellent temporal 

resolution, on the order of milliseconds, and therefore is well suited to investigating the time-

course of neural activity associated with a cognitive process. On the other hand, voltage changes 

picked up by the electrodes must travel through brain tissue and skull, and only signals generated 

by many neurons in roughly the same orientation are measurable from the scalp. Additionally, 

the topography of ERP effects is affected by the orientation of the neural generators relative to 

the scalp (Luck, 2014). Thus, localization of the neural generators of ERPs is imprecise, and it is 

necessary to combine evidence obtained from EEG recordings with other techniques in order to 

draw more than broad conclusions about the brain regions contributing to an observed ERP 

effect. This issue is compounded in aging research, as differences in the topography of ERP 
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effects may be due in part to the effect of neural degeneration that occurs with aging. 

Degeneration causes the orientation of neural generators underlying an effect to shift, thereby 

further obscuring interpretation of the origin of such effects in younger and older adults (Luck, 

2014). 

 

1.3.2 fMRI 

 Functional magnetic resonance imaging (fMRI) allows researchers to localize neural 

activity with a much greater degree of spatial accuracy than is possible with EEG. In contrast, the 

temporal resolution of fMRI data is much more limited, on the order of seconds (Huettel, Song, 

& McCarthy, 2008). Neural activity is metabolically demanding, and requires glucose and 

oxygen delivered to the brain via the bloodstream. fMRI capitalizes on the different magnetic 

properties of oxygenated (diamagnetic) and deoxygenated (paramagnetic) hemoglobin to detect 

the blood-oxygenation-level dependent (BOLD) signal. The measured signal reflects a 

combination of factors in addition to the concentration of deoxygenated hemoglobin, with blood 

volume and rate of blood flow in the brain also contributing. Differences in BOLD signal 

between experimental conditions and/or brain regions are thus an indirect measure of neural 

activity and are based on the assumption that delivery of metabolic resources to a region is an 

indicator of increased activity in that region (Huettel, Song, & McCarthy, 2008). Venous outflow 

of deoxyhemoglobin from a region is negatively correlated with the level of activity in the region 

due to over-delivery of oxygen, which leads to a relative increase in local T2* intensity and 

hence BOLD signal (Malonek & Grinvald, 1996).  

In terms of aging research, one caveat that must be considered is the possibility of 

differences in the cerebrovascular system across the lifespan. Cerebrovascular reactivity (CVR), 

or the change in blood flow and blood vessel diameter in response to a vasodilatory stimulus, 

contributes to the BOLD signal because it affects the volume and flow of blood to and from an 

activated region. Since CVR declines with advancing age, care must be taken to avoid conflating 

theoretically uninteresting differences in cerebrovascular function with changes in neural activity 

related to a cognitive process (D'Esposito, Deouell, & Gazzaley, 2003; Lu et al., 2011). The 

confounding effect on the hemodynamic response function (HRF) due to age-related differences 
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in CVR can be dealt with either by correcting for individual differences in CVR (Liu et al., 2013; 

Tsvetanov et al., 2015) or by using analysis methods that are unaffected by CVR differences, 

such as functional connectivity or MVPA. Crossover interactions identified in fMRI data are also 

unaffected by age-related differences in HRF (D'Esposito et al., 2003). Caveats aside, combining 

evidence obtained separately from EEG and fMRI recordings across many studies can provide 

valuable clues in the search to understand the neural underpinnings of cognitive processes. As 

already noted, EEG and fMRI are both correlative methods however, and thus neither can 

provide definitive evidence of the causal relationship between observed brain activity and 

cognitive performance.  

 

1.4 Background 

1.4.1 Review of ERP evidence 

As discussed in section 1.1.1, dissociating recollection and familiarity is a key concern in studies 

of episodic retrieval. It is also important to consider the measures used to distinguish these 

processes, in particular whether they are based on participants’ subjective reports of recollection 

(as in the RKN procedure) or on retrieval of contextual information from the study episode (as in 

source memory tasks). The distinction between these measures should be considered when 

investigating the relationship between neural measures and behavior. Objective measures of 

recollection have the advantage of being observable to experimenters, but the disadvantage of 

not accounting for recollection of non-criterial details. On the other hand, subjective measures 

tap into participants’ conscious experience of recollection, but participants’ memory assessments 

are likely to be inaccurate in some cases.  

Experiment 1 investigated ERP effects associated with subjective and objective measures 

of recollection using a combination of the RKN and source memory procedures (discussed in 

section 1.1.1; for full description of the procedure we used, see Chapter 2) in a sample of 

younger and older adults. Analysis of the data focused on four ERP effects commonly reported 

during episodic retrieval (Figure 1.5). Here we provide a brief overview of the evidence for these 

effects.     
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Figure 1.5. Representative examples of four canonical ERP effects associated with memory 
retrieval. Left panel, top: midfrontal effect in younger and older adults. Left panel, bottom: left 
parietal effect in younger and older adults. Middle panel, right: late posterior negativity. Right 
panel, top right: right frontal monitoring effect. Right panel, bottom left: left parietal effect. 
Figures reprinted with permission from Friedman (2013), Friedman & Johnson (2000), Rugg, 
Otten, & Henson (2002).  
 
1.4.1.1 Mid-frontal effect 

 The mid-frontal old/new effect onsets relatively early, around 300-500 ms post-stimulus, 

and has been associated with familiarity-based retrieval. There are several reasons this 

component is thought to reflect familiarity-related processing: the amplitude of the positive-

going effect is similar for R and K judgments in the RKN paradigm, and for correctly endorsed 

old items regardless of source accuracy (Friedman, 2013; Trott, Friedman, Ritter, Fabiani, & 

Snodgrass, 1999; Wang et al., 2012; Woodruff et al., 2006; Yu & Rugg, 2010). Such findings 

indicate that recollection of contextual details is not required to produce the mid-frontal old/new 

effect. False alarms to lures (i.e., experimental items designed to attract incorrect ‘old’ responses 

due to their high degree of similarity with studied items) have also been reported to evoke early 

mid-frontal ERP waveforms with a similar amplitude to those evoked by correctly endorsed old 

items (Curran, 2000; Friedman, 2013; Nessler, Mecklinger, & Penney, 2001), consistent with an 

interpretation of this ERP effect as relating to familiarity-based retrieval. The mid-frontal effect 

has been reported to scale with familiarity strength, as measured with confidence ratings 

(Woodruff et al., 2006; Yu & Rugg, 2010). 

 Although the early mid-frontal old/new effect is widely regarded to reflect familiarity-

related processes operating during episodic retrieval, it would be misleading to suggest that this 

ERP component represents a one-to-one mapping of neural activity onto familiarity, or that 

familiarity should be considered a homogeneous process in the first place. Precisely how the 
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mid-frontal old/new effect maps onto familiarity is a matter still under investigation (Bader & 

Mecklinger, 2017; Bader, Mecklinger, Hoppstadter, & Meyer, 2010; Friedman, 2013; 

Mecklinger, Frings, & Rosburg, 2012; Paller, Lucas, & Voss, 2012). Some have argued that the 

mid-frontal effect mainly reflects conceptual priming (i.e., more fluent processing of an item due 

to prior exposure, based on semantic information), and only reflects familiarity when it correlates 

with the former (Paller et al., 2012). Others have suggested that familiarity and conceptual 

priming both contribute to the mid-frontal effect, and either process can affect the other, 

depending on task demands (Bader & Mecklinger, 2017; Bader et al., 2010; Mecklinger et al., 

2012; Rugg & Curran, 2007). Moreover, the mid-frontal effect likely does not measure 

familiarity directly, but rather is picking up on processes downstream from early computation of 

familiarity strength (Rugg & Curran, 2007).  

 Most studies investigating the mid-frontal effect in aging have identified age-related 

differences in the mid-frontal old/new effect (Ally, Waring, et al., 2008; Duarte et al., 2006; 

Guillaume et al., 2009; Gutchess, Ieuji, & Federmeier, 2007; Swick, Senkfor, & Van Petten, 

2006; Wang et al., 2012; Wegesin, Friedman, Varughese, & Stern, 2002; Wolk et al., 2009), 

although some have reported equivalent effects in young and older adults (Ally, Waring, et al., 

2008, selectively for pictures; Nessler, Friedman, Johnson, & Bersick, 2007). Although 

behaviorally, older adults are often reported to exhibit similar performance to younger adults in 

estimates of familiarity, such a finding is not always accompanied by a mid-frontal old/new 

effect in older adults (Guillaume et al., 2009; Gutchess et al., 2007; Wang et al., 2012; Wolk et 

al., 2009). This raises the possibility that younger and older adults’ familiarity-based memory 

performance relies on qualitatively different processes, although it is worth noting that changes 

in orientation of neural generators with age cannot be ruled out as a contributing factor (Wang et 

al., 2012).  

 

1.4.1.2 Left parietal effect 

The left parietal old/new effect onsets around 400-800 ms post-stimulus, has a more 

sustained time-course than the mid-frontal effect, and has been linked to recollection-based 

retrieval (Curran, 2000; Friedman, 2013; Rugg & Curran, 2007; Rugg, Mark, et al., 1998). 
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Unlike the mid-frontal component discussed above, ERPs for R judgments and trials associated 

with correct source judgments elicit a more positive-going amplitude relative to ERPs for K 

judgments and trials associated with incorrect source judgments, depending on the experimental 

paradigm (Friedman, 2013; Rugg & Curran, 2007; Wang et al., 2012; Wilding & Rugg, 1996; 

Woodruff et al., 2006; Yu & Rugg, 2010). False alarms to similar lures also produce a lower-

amplitude positivity relative to correctly identified old items (Curran, 2000; Nessler et al., 2001). 

Such amplitude differences demonstrate that a familiarity-based memory signal is not sufficient 

to produce the ERP effect observed over the left parietal scalp, in contrast to the earlier mid-

frontal effect. Although the proposed research adopts a dual-process approach, it has thus far 

been impossible to determine without doubt whether recognition memory is supported by a 

single strength continuum or dual processes. Some researchers have argued in favor of a memory 

strength interpretation; by this view, the left parietal old/new effect is not a correlate of 

recollection but rather is induced by sufficiently strong memory signals. In support of this view, 

items attracting R responses tend to be more accurate than those attracting K responses, even 

when only high-confidence K responses are considered (Brezis, Bronfman, Yovel, & Goshen-

Gottstein, 2017).  

It has also been demonstrated that the amplitude of the left parietal old/new effect 

increases with the amount or fidelity of information recollected. Using a modified RKN 

procedure whereby two levels of R response indicated recollection of an associated item (R2) or 

a non-criterial detail (R1), Vilberg, Moosavi, and Rugg (2006) reported a larger old/new effect 

for items attracting R2 responses, assumed to index recollection of more contextual detail 

relative to R1 responses.  Similarly, hits accompanied by correct source judgments tend to be 

more positive-going than hits eliciting either an incorrect source judgment or a don’t know 

response (Ally, Simons, McKeever, Peers, & Budson, 2008; Friedman, 2013; Vilberg & Rugg, 

2009a; Wang et al., 2012; Wilding, 2000; Wolk et al., 2006; Yu & Rugg, 2010). Vilberg and 

Rugg (2009a) separately obtained fMRI and EEG recordings in an RKN task in which stimulus 

duration at encoding had been manipulated so that the amount of information later recollected 

varied according to study duration. In the ERP data, the left parietal old/new effect varied with 

amount recollected, such that ERPs associated with recollected items studied for 6 sec. were 
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more positive-going than those studied for 1 sec. Converging with these findings, the fMRI data 

also revealed a cluster in left parietal cortex where BOLD activity was modulated by the amount 

of information recollected.   

In the context of aging, the left parietal effect is often reported to be absent or attenuated 

in older adults (Ally, Simons, et al., 2008; Dulas & Duarte, 2013; Guillaume et al., 2009; Li, 

Morcom, & Rugg, 2004; Wolk et al., 2009). However, age-related differences in the magnitude 

and topography of the left parietal effect are not always found even when recollection estimates 

are lower in older relative to younger adults (Friedman, Berman, & Hamberger, 1993; Mark & 

Rugg, 1998; Trott, Friedman, Ritter, & Fabiani, 1997; for review see Friedman, 2000). In some 

cases, similar recollection memory performance and left parietal ERP effects were noted in 

younger and older adults when pictorial stimuli were used (Ally, Waring, et al., 2008; Duarte et 

al., 2006), although other studies reported age-related reductions in performance and 

recollection-related ERP effects even with pictures (Ally, Simons, et al., 2008; Gutchess et al., 

2007).   

  

1.4.1.3 Late posterior negativity 

 The late posterior negativity (LPN) is a late onsetting (~1000 ms post-stimulus), 

sustained negativity for hits relative to correct rejections with a central-posterior scalp 

distribution (for review see Mecklinger, Rosburg, & Johansson, 2016). The effect was initially 

identified in younger adults’ data (Cycowicz, Friedman, & Snodgrass, 2001) but a similar effect 

has been reported in older adults (discussed below). In younger adults, the LPN is thought to be 

composed of two distinct components, one detected in response-locked ERPs, the other in 

stimulus-locked ERPs. The response-locked component has been characterized as ‘action 

monitoring’ when response conflict is high (e.g., discriminating studied items from highly 

similar lures). The stimulus-locked component is thought to reflect attempts to retrieve attribute 

conjunctions such as the color of a previously studied item (Friedman, Cycowicz, & Bersick, 

2005). Here we focus on the stimulus-locked component, as the design of experiment 1 did not 

lend itself to the investigation of response-locked averages (Chapter 2). The LPN appears to be 

insensitive to the outcome of retrieval attempts, as prior reports have detected no amplitude 



 

19 

difference between correct and incorrect source retrieval (Friedman et al., 2005; Johansson & 

Mecklinger, 2003). This suggests that the LPN may be tracking attempted retrieval and 

evaluation of contextual information associated with a retrieved item. These processes are called 

online particularly when retrieval of information is difficult or requires continued evaluation due 

to task-related factors (Johansson & Mecklinger, 2003).  

A similar negative-going effect has been observed in older adults (Dulas & Duarte, 2013; 

James, Strunk, Arndt, & Duarte, 2016; Kamp & Zimmer, 2015; Li et al., 2004; Scheuplein, 

Bridger, & Mecklinger, 2014; Trott et al., 1997; 1999; Wegesin et al., 2002), but it is thought to 

reflect a different underlying process than the LPN described in younger adults. In older adults, 

the effect is characterized by a more central and diffuse scalp topography compared to the LPN 

in younger adults (for review see Mecklinger et al., 2016). For older adults, the magnitude of the 

late negativity has also been observed to exceed the magnitude of the LPN in younger adults. 

Several previous studies have detected a late negative effect in older adults alongside attenuated 

or entirely undetectable left parietal old/new effects (Kamp & Zimmer, 2015; Scheuplein et al., 

2014), while others reported the occurrence of both late negative and left parietal effects in older 

adults (Dulas & Duarte, 2013; James et al., 2016; Trott et al., 1997; 1999; Wegesin et al., 2002), 

and in one case only a right parietal old/new effect was reported alongside the late negativity in 

older adults (Li et al., 2004). In one case, the negativity was associated more strongly with low-

performing, relative to high-performing, older adults (Scheuplein et al., 2014). It has been 

suggested that in cases where the late negativity co-occurs along with a reduction in parietal 

effects, the latter effects may be present in older adults but masked by the strong negativity (Li et 

al., 2004).   

 

1.4.1.4 Right frontal effect 

The right frontal old/new effect is a late onsetting (~1000 ms post-stimulus) sustained 

positivity for hits relative to correct rejections over right frontal electrode sites. This effect has 

been identified in both younger and older adults and has been associated with post-retrieval 

monitoring, or evaluating the outcome of a retrieval attempt (see Figure 1.1). The right frontal 

effect is most apparent in tasks with high monitoring demands, such as source memory 
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paradigms, and in situations where retrieved information is ambiguous or incomplete (Hayama, 

Johnson, & Rugg, 2008; Rugg, Otten, & Henson, 2002). The right frontal effect has been elicited 

in recognition memory tasks requiring either an online semantic judgment or source memory 

decision, indicating that the effect is not confined to monitoring of retrieved episodic 

information, but can also be elicited by non-mnemonic judgments. Illustrating this point, 

Hayama et al. (2008) had participants make semantic judgments (size, animacy, or 

indoor/outdoor) on retrieval cues following an initial ‘old/new’ decision, and reported that the 

right frontal effect was present when participants made semantic judgments, regardless of 

whether the judgment was required for items endorsed as ‘old’ or ‘new’. This finding indicates 

that the effect is not specific to recollection but can also be elicited by more general monitoring 

processes. This ERP effect appears to be somewhat analogous with monitoring effects identified 

via fMRI in right dorsolateral prefrontal cortex (DLPFC), although there are some notable 

differences between ERP and fMRI monitoring effects (section 4.2).    

The right frontal old/new effect appears relatively robust to aging, as it has been detected 

with similar magnitude in younger and older adults (Mark & Rugg, 1998), in some cases 

alongside attenuated left parietal old/new effects in older adults (Dulas & Duarte, 2013; Li et al., 

2004). However, the right frontal old/new effect has in some cases been reported to be attenuated 

in older relative to younger adults (Friedman, 2000; Trott et al., 1997; Wegesin et al., 2002). In 

these cases, it has been proposed that the observed age-related differences may have been due to 

strategic differences in how younger and older adults approached the retrieval task. In Trott et al. 

(1997) and Wegesin et al. (2002), a temporal source attribute was used (list membership). As the 

source features were perceptually indistinct, this may have contributed to the observed age-

related attenuation. One possibility is that younger adults, in whom a robust right frontal effect 

was detected, strategically generated additional attributes to help distinguish between the lists, 

while older adults did not engage in this additional strategic processing.  
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1.4.2 Review of fMRI evidence  

1.4.2.1 fMRI studies of retrieval  

Successful episodic retrieval has consistently been linked to enhanced activity in the 

‘core recollection network’ – a set of regions including the hippocampus, parahippocampal, 

retrosplenial, posterior cingulate, lateral parietal, and medial prefrontal cortices (Figure 1.6; for 

review see Rugg & Vilberg, 2013). Within the medial temporal lobe, the hippocampus and 

parahippocampal cortex have been associated with recollection. Content-specific retrieval effects 

in regions outside the core recollection network are also frequently identified, consistent with the 

idea of cortical reinstatement (Rugg et al., 2008; Rugg, Johnson, & Uncapher, 2015).  

 

 

Figure 1.6. Depiction of the ‘core recollection network’ identified in studies of episodic 
retrieval. Figure reprinted with permission from Rugg & Vilberg (2013).  

 
Studies investigating the fMRI correlates of recollection with aging have reported age-

invariant activity throughout the core recollection network when performance is equated between 

younger and older adults (Duarte et al., 2008; Dulas & Duarte, 2016; Wang & Giovanello, 2016) 

or statistically controlling for memory performance (de Chastelaine, Mattson, Wang, Donley, & 

Rugg, 2016; Dulas & Duarte, 2012; Wang et al., 2015). King, de Chastelaine, & Rugg (2018) 

examined recollection-related functional connectivity across the adult lifespan and similarly 

found increased connectivity among core recollection regions to be age-invariant. The authors 

also examined the relationship between recollection-related connectivity change and memory 

performance by parcellating the brain into ‘target’ regions and computing the correlation 
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between connectivity and performance for each seed-target pair, across subjects for each age 

group. The relationship between recollection-related connectivity throughout the brain and 

performance was significantly stronger in younger relative to older adults. This finding is 

consistent with reports of increased desegregation of functional networks with age; greater 

segregation of systems was positively related to episodic memory ability, suggesting that 

changes in functional networks may be a factor in age-related memory decline (Chan, Park, 

Savalia, Petersen, & Wig, 2014).   

 

1.4.2.2 fMRI monitoring effects 

 In fMRI studies of episodic memory retrieval, post-retrieval monitoring (discussed in 

sections 1.1 and 1.4.1.4) is operationalized by contrasting the BOLD signal on trials associated 

with high versus low monitoring demands. Various methods have been used to define monitoring 

demand (see below); in experiment 2 we contrasted ‘Rearranged’ responses to intact or 

rearranged pairs with ‘Intact’ responses to intact pairs (similar to the procedure reported in de 

Chastelaine et al., 2016). Rearranged responses are thought to reflect relatively greater 

monitoring demands because, relative to correctly endorsed intact pairs, they are likely based on 

retrieval of less diagnostic information (although we note that in the case of ‘rearranged’ 

responses to rearranged pairs, participants may have used a ‘recall to reject’ strategy, this appears 

not to have been the case for the majority of ‘rearranged’ responses; see Chapter 3 for details on 

the contrasts used in experiment 2). In other words, although both responses reflect successful 

item memory, only correctly identified intact pairs are likely to be have been accompanied by 

enough recollected detail to support an ‘intact’ judgment (de Chastelaine et al., 2016). 

Monitoring effects, or elevated BOLD activity when monitoring demands are high, are typically 

evident in right DLPFC and anterior cingulate cortex (ACC), regions that have also been 

implicated in executive control (Achim & Lepage, 2005; Cocchi et al., 2013; de Chastelaine et 

al., 2016; Henson et al., 2000; Henson, Rugg, Shallice, Josephs, & Dolan, 1999; Wang, Johnson, 

de Chastelaine, Donley, & Rugg, 2015). Studies comparing monitoring effects in younger and 

older adults have reported mixed findings: some studies did not identify age-related differences 

(de Chastelaine et al., 2016; Dulas & Duarte, 2014; Wang et al., 2015), while in other cases, age-
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related differences were reported (Duarte et al., 2010; McDonough, Wong, & Gallo, 2013; 

Mitchell, Ankudowich, Durbin, Greene, & Johnson, 2013). These findings are discussed further 

below.  

 

1.4.2.2.1 Age-invariant monitoring effects 

 Dulas and Duarte (2014) showed younger and older adults pictures of objects and 

instructed them to attend to either their color or size during encoding. At retrieval, source 

memory for objects’ color was tested. Directing attention to the color of the objects at encoding 

improved source memory for both groups, but source memory performance was still attenuated 

in older relative to younger adults. For both age groups, BOLD activity in right ventrolateral 

PFC was attenuated during retrieval of items for which attention was directed to color at 

encoding, indicating that monitoring demands were greater when an irrelevant contextual feature 

(size) had been attended at encoding (although note that the cluster in VLPFC is located more 

inferior to monitoring effects typically reported; see below). This finding indicates preserved 

monitoring processes in older adults can be found even when an age-related deficit in memory 

performance is observed, at least in cases where task instructions provide environmental support 

(i.e., attention directed to relevant features at encoding).  

In two other studies reporting age-invariant monitoring effects (de Chastelaine et al., 

2016; Wang et al., 2015), an age-invariant positive relationship between memory performance 

and monitoring effects in anterior cingulate cortex (ACC) and right dorsolateral prefrontal cortex 

(RDLPFC), was also identified. These regions are members of the cingulo-opercular (ACC) and 

fronto-parietal (RDLPFC) control networks, which have been associated with online 

coordination of activity in service of task goals (Cocchi et al., 2013; section 1.2.2). In Wang et 

al. (2015), samples of younger and older adults performed an RKN retrieval task, while de 

Chastelaine et al. (2016) employed an associative memory task (section 1.1.1) with younger, 

middle-aged, and older adults. In both experiments, although recollection performance declined 

with increasing age, the magnitude of fMRI monitoring effects and their relationship with 

performance did not vary with age (Figure 1.7). This relationship with recollection performance 

remained significant after controlling for the effects of age, RT differences between response 
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categories, and other recollection-related fMRI effects (e.g., in the hippocampus). These findings 

provide evidence not only that regions associated with cognitive control networks (see above) 

are involved in post-retrieval monitoring, but that the extent to which an individual can engage 

these neural resources predicts memory performance. Importantly, this relationship held true for 

all age groups across the two experiments, suggesting that at least some post-retrieval monitoring 

operations are maintained with advancing age. 

 

 
Figure 1.7. Top: post-retrieval monitoring effects (p < .001) in RDLPFC and anterior cingulate 
taken from de Chastelaine et al. (2016) on the left and Wang et al. (2015) on the right. Bottom: 
partial plots depicting the relationship between fMRI monitoring effects and memory 
performance in each experiment, after controlling for age, RT differences between conditions, 
and recollection effects in the hippocampus.  
 
1.4.2.2.2 Age-related differences in monitoring effects 

McDonough et al. (2013) utilized a criterial recollection task, whereby participants 

studied items presented as words or pictures, with some items presented in both word and picture 

blocks. The test phase was also divided into word and picture blocks, with the goal to determine 

whether an item (always presented as a word) had been studied as a word or as a picture, 

respectively. Each test block contained items presented in word-only, picture-only, or both 

formats, as well as new items. Words studied in a single format served as either targets or lures, 

depending on the test condition. The inclusion of items presented in both formats was intended to 

eliminate reliance on a recall-to-reject strategy (Gallo, Weiss, & Schacter, 2004). Monitoring 
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effects were operationalized by the contrast between retrieval activity for items encoded either as 

words or as pictures, as items encoded as words were assumed to require greater monitoring than 

those studied as pictures, since pictures provide richer perceptual details that can be encoded 

more easily than words, even if participants do not engage in deep processing. Consistent with 

the idea that the environmental support of pictures relative to words tends to improve memory 

performance in older adults (Park, Puglisi, & Sovacool, 1983), performance differences between 

younger and older adults were minimized in the picture test condition. A monitoring effect was 

observed in younger adults only, whereby BOLD activity in right DLPFC was greater during 

word test relative to picture test retrieval. Furthermore, right prefrontal activity was positively 

correlated with recollection performance during the word test for young adults (consistent with 

the observed monitoring effect) but was negatively correlated with recollection performance 

during the picture test for older adults. One drawback of this study is that monitoring effects are 

confounded with task difficulty, since monitoring was measured as a contrast between retrieval 

of items originally encoded as pictures vs. as words. It is thus difficult to disentangle effects of 

age on monitoring processes from modulation that may have resulted from differences in how 

younger and older adults encode different types of items (pictures vs. words) or in their ability to 

adopt an appropriate task set.  

Mitchell et al. (2013) manipulated presentation format of items (words and pictures), 

encoding task (self vs. other preference judgment), and test condition (word/picture, self/other, 

and old/new). Short study-test cycles were used, including eight items at study and six at test 

(five old and one new, with the new item always appearing in the old/new test condition). Don’t 

know response options were not included on the assumption that monitoring demands would be 

greater with a forced choice between options. Younger adults outperformed older adults on 

source accuracy (picture/word and self/other). In terms of BOLD activity during encoding and 

test, both age groups displayed similar patterns of activity varying according to task and 

presentation format. However, younger adults demonstrated a selective increase in BOLD 

activity in the ACC and left lateral PFC during the picture/word test relative to the self/other test 

(i.e., monitoring effects), while older adults did not selectively modulate activity in these regions 
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according to task demands. This study also suffered from a confound between monitoring and 

task effects, and thus it is difficult to interpret the age differences reported.  

Duarte et al. (2010) identified monitoring effects in right PFC in younger but not older 

adults, using a modified RKN procedure including source judgments, operationalized as elevated 

BOLD signal associated with K relative to R responses. However, caution is warranted while 

interpreting these results, as the older adult group included in this study was restricted to low-

performing individuals (the researchers intended to examine false recognition). Seven older 

individuals whose false alarm rate was below a criterion level were excluded from the reported 

analyses. Given that insufficient monitoring can lead to an elevated false alarm rate, it is 

unsurprising that no monitoring effect was detected in the older adult group. 

 

1.4.2.2.3 Relating discrepant findings on monitoring effects in aging 

Reports of age-related differences in monitoring are difficult to reconcile with reports of 

preserved monitoring effects in older adults in part due to the different experimental procedures 

utilized by different researchers. One possible explanation for the discrepant findings across 

studies is that post-retrieval monitoring processes in older adults are more sensitive than those in 

younger adults to overall task demands on attentional or control resources, and that the studies 

reporting age-invariant effects did not tax generic control processes supporting monitoring to a 

sufficient extent. It is possible that findings of age-invariant monitoring effects may be 

representative of maintenance in older adults (at least in cases of low task demand), and findings 

of age-related differences may indicate cases where compensatory processes were engaged 

differentially in younger and older adults to meet task demands (section 1.2.1). If this is the case, 

then increasing the amount of attentional or control resources required to maintain task 

performance during episodic memory retrieval may increase task demands to a point where 

compensatory recruitment is no longer sufficient to support monitoring on a level similar to 

younger adults. In this case, we hypothesize that manipulating task demands during retrieval 

should differentially affect task performance and modulation of prefrontal activity in older 

adults.  
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1.5 Background summary 

 It is widely accepted that episodic memory declines with advancing age (Nyberg et al., 

2012). However, episodic memory is not a unitary process and age-related decline varies along 

with many factors, including how memory is tested (Old & Naveh-Benjamin, 2008; Rugg, 

2016), whether environmental support is provided (Craik, 1983; Luo & Craik, 2008), and what 

other cognitive processes may be required to maintain performance on a given task.  

Here we build on prior ERP and fMRI research to investigate two main questions regarding the 

neural correlates of episodic memory retrieval in younger and older adults. In experiment 1, 

using ERPs (Chapter 2), we examined the neural correlates of recollection operationalized by 

subjective report (RKN procedure) according to the amount of information retrieved (source 

accuracy), focusing on how different ERP components are modulated by these factors in younger 

and older adults. In the same ERP experiment, as well as an fMRI experiment utilizing a 

different operational definition of recollection (associative memory), we also compared the 

neural correlates of post-retrieval monitoring in younger and older adults. In experiment 1, we 

examined whether monitoring effects differed according to the amount or fidelity of information 

retrieved (as operationalized by source accuracy). In experiment 2, using fMRI (Chapter 3), we 

focused on monitoring effects in the context of a dual-task manipulation, to determine if age-

related differences in performance and BOLD signal were observed under dual task conditions at 

retrieval. 
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CHAPTER 2 
 

MODULATION OF THE ELECTROPHYSIOLOGICAL CORRELATES OF 
 

RECOLLECTION AND POST-RETRIEVAL MONITORING BY AMOUNT OF  
 

INFORMATION RETRIEVED (EXPERIMENT 1) 
 
 

Note: In accordance with UTD dissertation guidelines, this dissertation includes a 

manuscript that has been prepared for submission to a scientific journal (Chapter 2). This 

manuscript was prepared by me (Erin Horne) as first author, along with co-authors Dr. Joshua 

Koen, Nedra Hauck, and Dr. Michael Rugg. Drs. Koen and Rugg gave substantial input via 

comments, discussion, and editing of the text presented as Chapter 2 of the dissertation. 

 

2.1 Introduction 

 Episodic memory - memory for unique events - declines with advancing age (Craik, 

1986; Craik, 1983; Drag & Bieliauskas, 2010; Light, 1991; Koen & Yonelinas, 2014; Naveh-

Benjamin, 2000; Old & Naveh-Benjamin, 2008; Park et al., 2002; Schoemaker, Gauthier, & 

Pruessner, 2014; Spencer & Raz, 1995). Episodic memory is supported by a variety of cognitive 

processes which do not all decline at the same rate. Notably, a substantial proportion of the age-

related variation in episodic memory performance appears to be attributable to declines in the 

efficacy of memory encoding processes (Craik, 1983; Craik & Rose, 2012; Friedman & Johnson, 

2014; Luo & Craik, 2008). The impact of age on the processes supporting episodic retrieval is 

less clear, although there is both behavioral and event-related potential (ERP) evidence that goal-

appropriate processing of retrieval cues (‘retrieval orientation’) can be negatively impacted by 

increasing age (Duverne, Motamedinia, & Rugg, 2008; Jacoby, Shimizu, Velanova, & Rhodes, 

2005; Keating, Affleck-Brodie, Wiegand, & Morcom, 2017; Morcom & Rugg, 2004). Here, we 

used ERPs to examine the effects of age on the neural correlates of successful episodic retrieval. 

We build on the findings of numerous prior ERP studies in which the neural correlates of 

retrieval success were contrasted across age groups with the goal of examining whether and how 
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ERP correlates of contextual recollection are modified by age. Below, we lay out the rationale 

for the present study. 

 According to dual process theory, recognition memory can be supported by two 

qualitatively distinct memory signals, termed recollection and familiarity (Yonelinas, 2002; 

Yonelinas, Aly, Wang, & Koen, 2010). Recollection is typically conceptualized as a memory 

signal that contains qualitative information about a study episode. By contrast, familiarity is held 

to rely on assessment of a continuous, strength-like memory signal that is devoid of contextual 

information. One method commonly employed to segregate test items recognized on the basis of 

recollection or familiarity is the Remember/Know/New (RKN) procedure (Tulving, 1985), in 

which participants are required to endorse studied items as ‘Remembered’ (R) if retrieval is 

accompanied by a consciously accessible detail of its study context, or as ‘Known’ (K) if no 

contextual details accompany recognition of the item. Importantly, while all items accorded an R 

judgment are deemed to be recollected, the RKN procedure provides no basis for characterizing 

the nature of the recollected information. Hence, several modifications to the original procedure 

have been implemented to allow items attracting an R judgment to be further segregated 

according to the amount or the diagnostic value of the retrieved information (e.g., Duarte et al., 

2006; Duarte, Ranganath, Winward, Hayward, & Knight, 2004; Vilberg, Moosavi, & Rugg, 

2006; Vilberg & Rugg, 2007, 2009b; Yu, Johnson, & Rugg, 2012b). Here, we combined the 

RKN procedure with a source memory procedure in order to differentiate R responses according 

to whether the recollected information was sufficient to support a judgment about a specific 

feature of the study episode. The rationale for this approach (see also Yu et al., 2012b) is that the 

amount and specificity of recollected information supporting an R judgment will vary across 

trials. By segregating items given an R judgment according to the accuracy of an associated 

source memory judgment, it is possible to distinguish between items that elicit retrieval of 

relatively weak and undifferentiated contextual information (‘non-criterial’ source recollection; 

cf. Yonelinas & Jacoby, 1996; Parks, 2007; Toth & Parks, 2006) from items that elicit a stronger 

and more differentiated recollection signal.  

 Studies of healthy younger adults using fMRI (Vilberg & Rugg, 2009a, 2009b; Yu, 

Johnson, & Rugg, 2012a; Yu et al., 2012b) and ERPs (Murray, Howie, & Donaldson, 2015; 
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Vilberg et al., 2006; Vilberg & Rugg, 2009a) have consistently reported that recollection-related 

neural activity (measured during retrieval) co-varies not only according to whether a test item is 

endorsed as R or K, but also according to the amount or fidelity of the information recollected. 

For example, in studies employing parallel experimental procedures, Vilberg & Rugg (2009a) 

reported that an ERP correlate of successful recollection (i.e., the ‘left parietal old/new effect’; 

Rugg & Curran, 2007) was greater when participants subjectively reported recollecting large 

rather than small amounts of information. Consistent with these findings, Yu et al. (2012a, 

2012b) reported that fMRI correlates of successful recollection in hippocampus and left parietal 

cortex were greater for R judgments accompanied by confident, accurate source judgments than 

by inaccurate judgments (see also Richter, Cooper, Bays, & Simons, 2016; Thakral, Wang, & 

Rugg, 2015). Thus, in younger adults, neural correlates of recollection appear to track the fidelity 

and amount of recollected information, and not merely the occurrence of recollection.  

 To our knowledge, studies along the lines of those described above have yet to be 

conducted in older adults. Nilakantan, Bridge, VanHaerents, & Voss (2018) reported that older 

adults’ recollection precision in a spatial associative memory task was impaired relative to 

younger adults, although recollection success did not differ between age groups; however, the 

authors did not obtain recordings of brain activity. Hence, it is currently not known whether 

recollection-related activity co-varies with the quality of the recollection signal in older adults in 

the same way as it does in younger individuals. In the present study, we used ERPs to address 

this question. Prior studies contrasting ERP correlates of recollection according to age have led 

to mixed findings. In some studies these correlates – typically operationalized by the left parietal 

old/new effect (Rugg & Curran, 2007) – were reported to be present and either preserved (Ally, 

Waring, et al., 2008; Duarte et al., 2006; Friedman, Berman, & Hamberger, 1993; Mark & Rugg, 

1998; Trott et al., 1997; 1999) or attenuated (Ally, Simons, et al., 2008; Dulas & Duarte, 2013; 

Guillaume et al., 2009; Wang et al., 2012; Wolk et al., 2009) in older adults. In other studies, 

however, successful episodic retrieval was associated with a sustained, centrally maximal 

negative-going ERP effect in older adults that overlapped and, in some cases, obscured a left 

parietal effect similar to that evident in younger adults (e.g., Kamp & Zimmer, 2015; Li et al., 

2004; Scheuplein et al., 2014; see Mecklinger et al., 2016 for review). The conditions necessary 
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for the emergence of this negativity, which appears to be distinct from the retrieval-related ‘late 

posterior negativity’ sometimes reported in younger adults (for review, see Mecklinger et al., 

2016), and its functional significance, are both currently unclear. The present study afforded an 

opportunity to shed light on these questions. Additionally, there is little evidence that speaks to 

the specific mnemonic correlates of the late negativity in older adults, as most reports of the 

effect did not employ a contrast that allowed recollection- and familiarity-driven memory 

judgments to be segregated. To our knowledge, the only relevant prior study is that of Trott et al. 

(1997) and Trott et al. (1999). These investigators required participants to make both R/K and 

source memory judgments to recognition memory test items. Relative to correct rejections, 

correctly recognized new items elicited a sustained late negativity in older adults that did not 

differ for items endorsed as R or K, or according to source accuracy. Thus, these findings 

suggest that the aforementioned age-related late negativity is insensitive to whether recognition 

is familiarity- or recollection-driven. 

We re-visit this and related issues here, using a procedure that allows subjectively 

reported recollection to be segregated according to whether it was accompanied by objective 

recollection for a specific source detail. This procedure allowed us to determine whether 

retrieval-related ERPs of younger and older adults associated with subjective recollection (R 

judgments) were modulated according to whether they were accompanied by sufficient 

information to support accurate source memory for a specific study detail (i.e., the encoding 

task). Of interest here was whether subjective recollection with (R+) and without (R-) accurate 

retrieval of a source detail modulated the left parietal ERP effect, the putative recollection-

sensitive sustained negativity (cf. Li et al., 2004), or both effects. Whereas modulation of the left 

parietal effect alone would suggest that ERP correlates of recollection are qualitatively similar in 

younger and older adults, modulation of the late negativity in older adults (whether the left 

parietal effect is modulated or not) would raise the possibility that, in some circumstances, these 

correlates can be qualitatively distinct.  

 The present experiment attempted to adjudicate between these possibilities. Here, we 

analyzed the retrieval ERP data from a study initially reported by Koen, Horne, Hauck, & Rugg 

(2018). At study, participants were cued to make one of two possible judgments (shoebox or 
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manmade questions) for a series of words. At test, participants made RKN judgments on 

randomly interleaved studied and novel words. For test words attracting an R response, 

participants were additionally asked to report their memory for which judgment they performed 

on the word at study. We operationalized recollection by the contrast between ERPs elicited by 

items accorded accurate K (familiar only) and R judgments, and further contrasted ERPs elicited 

by items attracting accurate R judgments according to the accuracy of the subsequent source 

memory judgment (R+ vs. R-). We predicted that, in younger adults, the left parietal effect 

would demonstrate a graded response, such that it was greater for R+ than for R- trials (cf. 

Vilberg et al., 2006; Vilberg & Rugg, 2009a). At issue is the nature of the ERP effects revealed 

by these contrasts in older adults.  

 

2.2 Methods 

The experimental procedures described below were approved by the Institutional Review 

Board of The University of Texas at Dallas. All participants provided written informed consent 

prior to participation in the experiment. The participants included in the analyses below mostly 

overlap with the sample whose ERP data from the encoding phase were analyzed in Koen et al. 

(2018): 19 younger and 18 older adults were included in both the encoding analyses (Koen et al., 

2018) and retrieval analyses (the present focus), 5 younger and 6 older adults were included only 

in the encoding analyses, and 1 younger and 2 older adults were included only in the retrieval 

analyses reported here. The discrepancy between the samples was due to the number of artifact-

free trials available. 

 

2.2.1 Participants 

Twenty younger adults (mean age 23.8 years, 11 female) and 20 older adults (mean age 

69.3 years, 8 female) were included in the analyses reported here. Participants were compensated 

at the rate of $30 per hour for the experimental sessions and were also reimbursed for travel. The 

participants were recruited from The University of Texas Dallas and surrounding metropolitan 

Dallas communities. All participants were right-handed, reported normal or corrected-to-normal 

vision, and scored a minimum of 27 on the Mini-Mental State Examination (MMSE). Exclusion 
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criteria included a history of cardiovascular disorder (except for treated hypertension), 

psychiatric disorder, disorder of the central nervous system, substance abuse, current or recent 

use of psychotropic medications or sleeping aids, and inadequate standardized test performance.  

 An additional 15 participants were tested but excluded from the present analyses for the 

following reasons: 1 older male was excluded for incorrect use of R/K judgments, and 7 younger 

adults (3 male, 4 female) and 7 older adults (2 male, 5 female) were excluded because of too few 

artifact-free trials for one or more critical trial types.  

 

2.2.1.1 Neuropsychological Testing 

 A standard battery of neuropsychological tests was administered to participants on a 

separate day prior to the EEG recording session. We used the same test battery as in previous 

work by our group (e.g., de Chastelaine et al., 2016), with the addition of a test of visual acuity 

(Bailey & Lovie-Kitchin, 2013). A potential participant did not proceed to the EEG experiment 

if: 1) they scored greater than 1.5 standard deviations below age- and education-adjusted norms 

for any long-term memory measure, 2) their standard score on the Wechsler Test of Adult 

Reading was less than 100, or 3) they scored greater than 1.5 standard deviations below age- and 

education-adjusted norms on two or more non-memory tests.  

 

2.2.2 Materials 

2.2.2.1 Critical stimuli 

Twenty experimental stimulus lists, yoked across younger and older participants, were 

created using 384 concrete nouns selected from the MRC Psycholinguistic Database (Coltheart, 

1981). Words ranged from 4-8 letters in length (M= 5.32, SD=1.21), from 1-40 occurrences per 

million in Kucera-Francis frequency (M = 13.33, SD = 10.25; Maverick, 1969), and between 500 

- 662 in concreteness ratings (M= 584, SD=32, on a scale of 100-700 from least to most 

concrete).  

 A study list consisted of 256 words, randomly divided into 4 sets of 64 words each. 

Words were assigned to each of 4 conditions formed by crossing encoding duration (Short vs. 

Long) and the semantic judgment task performed during the study phase (Manmade vs. 
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Shoebox). Assignment of word sets to these 4 conditions was counterbalanced across lists, such 

that each set of 64 words appeared in each condition equally frequently across participants. Test 

lists consisted of the 256 words from the study list, along with 128 unstudied words. Each 

stimulus list created was assigned to a yoked younger-older adult pair. Words were presented in 

black upper-case 32-point Helvetica font against a white square centered (subtending a visual 

angle of 6.5° x 6.5°) on a black background. The longest word subtended a 3.6° horizontal and 

0.57° vertical visual angle.  

 

2.2.2.2 Practice stimuli 

Practice lists were created using 24 additional words with similar characteristics to the 

experimental stimuli. For study, 3 practice lists (self-paced, speeded, ‘real’) of 8 words each 

were used, and for test, 2 practice lists (feedback, ‘real’) of 12 words each (8 items from practice 

study lists, 4 new items) were used. Practice lists were identical for all participants; practice 

phases were completed immediately prior to the study and test phases.  

 

 

 
Figure 2.1. Experimental procedure for the encoding (left) and retrieval (right) phases of 
experiment 1. Figure reprinted with permission from Koen et al. (2018). 
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2.2.3 Experimental procedure 

2.2.3.1 Study phase 

The duration of the study phase (including breaks and electrode checking/adjustment) 

ranged from 34 – 48 minutes, (mean = 38 minutes, SD = 3 minutes), except for one outlying 

younger participant for whom the duration was 68 minutes because of the need for an additional 

break. The phase was divided into four blocks, two of which were assigned to the ‘short’ 

encoding condition, and two to the ‘long’ encoding condition. Note that since memory 

performance did not differ according to encoding condition, the retrieval data reported here were 

collapsed across this encoding duration variable for all analyses. The short and long encoding 

durations were intended to manipulate the likelihood of participants’ engaging in preparatory 

processing during the pre-stimulus period (cf.  Koen et al., 2018). Each study block consisted of 

64 words (‘studied’ items on the later recognition memory test). A short break was given at the 

halfway point of each block. Each study trial began with a green fixation cross for 500 ms, 

followed by a red task cue for 500 ms, then a black fixation cross for 1500 ms (Figure 2.1, left). 

A concrete noun was then presented for 300 ms in the short condition or for 1000 ms in the long 

condition, followed by a black fixation cross for 2700 ms or 2000 ms, respectively, holding the 

duration of the trials and the inter-trial intervals constant. Participants used a different hand for 

each question (e.g., Manmade question on right hand, Shoebox question on left), responding 

Yes/No with the index and middle fingers, respectively. When cued with a red X, participants 

answered the Manmade question (‘Is the item depicted by the word manmade?’), and when cued 

with a red O, participants answered the Shoebox question (‘Would the item depicted by the word 

fit inside a shoebox?’). Participants were instructed to answer each question according to the first 

exemplar of the item that came to mind. The mapping of hand to question type remained 

constant throughout the study phase and was counterbalanced across participants. The manmade 

and shoebox tasks were pseudorandomly intermixed throughout each study block such that no 

more than 3 trials with the same judgment occurred sequentially. Participants were instructed to 

respond as quickly as possible without sacrificing accuracy.  
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2.2.3.2 Test phase 

Approximately 15 minutes after completing the study phase, participants received 

instructions for the test phase. The total duration of the test phase ranged from 39 to 65 minutes 

(mean = 51 minutes, SD = 7 minutes), other than for one older adult outlier for whom the 

duration was 76 minutes due to a technical problem. The average duration of the study/test delay 

was 38 minutes for younger adults (SD = 4 minutes) and 44 minutes for older adults (SD = 7 

minutes). The test phase was divided into 12 blocks of 32 trials each, with a short break between 

each block. Each test trial began with a green fixation cross for 500 ms, followed by presentation 

of a studied or new word for 650 ms (Figure 2.1, right). The word was then replaced by a black 

fixation cross, which remained on the screen until a response was given. Participants were 

instructed to first make an RKN judgment for each test word. They were to respond R if they 

recognized the word and were able to recollect one or more specific details from the study 

episode (e.g., which question they answered for the word at study, a thought that came to mind 

as they studied the word, or an association made with the word). The instructions emphasized 

that an R response should only be given if the participant could explain to the experimenter what 

specific detail(s) they had recollected about the study episode. Participants were to respond K 

when they were confident that they had seen the word at study but were unable to recollect any 

specific detail from the study episode. The K response was labeled as Familiar in instructions to 

participants. A New (N) response was to be given when participants did not believe the word had 

been studied, or if they were uncertain about the word’s study status.   

 If a K or N response was given, the black fixation cross remained on the screen for an 

additional 2000 ms, and the next trial began. If an R response was given, the black fixation cross 

remained on the screen for 500 ms and was then replaced by a red ‘Task?’ prompt for 650 ms. 

This was then replaced by a red fixation cross until a response was given, at which point a black 

fixation cross was displayed for 1000 ms before advancing to the next trial. Participants were 

asked to provide a source memory judgment with three response options: Manmade, Shoebox, 

and Don’t Know, corresponding to which question had been answered for the word during 

encoding. Participants were instructed to respond Don’t Know if they were unconfident or 

unable to recollect which question they had answered. Importantly, a Don’t Know response 
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following an R response indicated that the participant had recollected one or more details about 

the word from study but had not recollected the encoding task associated with the word. We did 

not elicit source memory judgments following K responses under the assumption that most K 

responses would have elicited Don’t Know source judgments, and in order to simplify task 

instructions and reduce the risk of noncompliance.  

 

2.2.3.3 EEG Recording 

 EEG was recorded continuously during the study and test phases (only the test data are 

presented here; see Koen et al., 2018, for description of the study data). Data were recorded from 

64 Ag/Ag-Cl electrodes. Fifty-eight of the electrodes were embedded in an elasticated cap 

(EasyCap; Herrsching-Breitbrunn, Germany; www.easycap.de; montage 11), while the 

remaining 6 electrodes were adhered directly to the skin. The electrode sites in the cap covered 6 

midline locations (Fpz, Fz, Cz, CPz, PZ, POz) and 26 homotopic lateral locations (Fp1/2, AF3/4, 

AF7/8, F1/2, F3/4, F5/6, F7/8, FC1/2, FC3/4, FC5/7, FT7/8, C1/2, C3/4, C5/6, T7/8, CP1/2, 

CP3/4, CP5/6, TP7/8, P1/2, P3/4, P5/6, P7/8, PO3/4, PO7/8, and O1/O2). Two additional 

electrodes were affixed to the left and right mastoid processes. Vertical and horizontal EOG was 

monitored with bipolar electrode pairs placed above and below the right eye, and on the outer 

canthi of the left and right eyes, respectively. The ground and reference electrodes were 

embedded in the cap at sites AFz and FCz, respectively. EEG and EOG channels were digitized 

at 500 Hz using an amplifier bandpass of .01-70 Hz (3dB points) and the BrainVision Recorder 

software package (version 1.20.0601, www.brainvision.com). Electrode impedances were 

adjusted to be less than or equal to 5 kΩ prior to the start of the study phase and were rechecked 

during each break throughout the study and test phases, when they were readjusted as necessary. 

 

2.2.3.4 EEG/ERP preprocessing 

The EEG data were processed offline in Matlab R2012b (www.mathworks.com) using 

EEGLAB version 13.5.4 (Delorme & Makeig, 2004), ERPLAB version 5.0.0.0 (Lopez-Calderon 

& Luck, 2014), and custom Matlab code (available from the authors on request). The continuous 

EEG data were digitally filtered between .03 and 19.4 Hz with a zero-phase shift Butterworth 
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filter (12 dB/octave rolloff, DC offset removed prior to filtering) using ERPLAB. Epochs with a 

total duration of 2500 ms (from -500 ms to +2000 ms relative to onset of the test word) were 

extracted from the raw EEG data. The epoched data were subjected to Independent Components 

Analysis (ICA; Jung et al., 2000) to identify artifactual EEG components (e.g., blinks, eye 

movements, muscle artifacts, etc.). Prior to ICA, the epochs were baseline corrected to the 

average voltage across the epoch to improve estimation of ICA components (Groppe, Makeig, & 

Kutas, 2009), and epochs with non-stereotypical artifacts (e.g., coughs or sneezes) were rejected. 

When necessary, rejection of an entire electrode channel was conducted prior to ICA. Data from 

rejected electrodes were replaced using Spline interpolation after removal of artifactual ICA 

components. The SASICA (Chaumon, Bishop, & Busch, 2015) and ADJUST (Mognon, 

Jovicich, Bruzzone, & Buiatti, 2011) software packages were used to aid with the identification 

of artifactual components. After ICA artifact correction, the epoched EEG data were re-

referenced to averaged mastoids (recovering the FCz electrode) and baseline corrected to the 

average voltage of the 500 ms preceding the time-locked event (onset of the test word). Epochs 

were rejected for averaging if: (1) voltage in the epoch exceeded ±100 μV, (2) baseline drift 

exceeded 40 μV (determined as the absolute difference in amplitude between the average 

amplitude of the first and last 250 ms of each epoch), (3) an artifact was present based on visual 

inspection, (4) the participant failed to respond to the corresponding trial at study or used the 

incorrect hand for the encoding judgment, or (5) the participant’s response time (RT) was faster 

than 650 ms or slower than 10 seconds for RKN judgments during the test phase, or faster than 

450 ms during the corresponding trial of the study phase.   

 ERPs for each electrode site and event (onset of test word) were created by averaging all 

artifact-free epochs according to the recognition memory judgment. Correctly endorsed studied 

items were segregated into three bins: R responses accompanied by correct source judgments 

(R+), R responses accompanied by incorrect or Don’t Know source responses (R-), and trials 

attracting a K (familiar only) response. Correctly rejected new items (CR) were also included; 

due to low trial numbers, ERPs for item misses and false alarms (R or K responses to new items) 

were not included in any analyses.  
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2.2.4 Statistical analyses 

The overall design included one between-participants factor (age group) and one within-

participants factor (memory bin). Again, as stated above, we collapsed across the encoding 

duration factor because there were no differences in memory performance. 

 Statistical analyses were conducted using R software version 3.3.2 (R Core Team, 2017). 

ANOVA models were computed using the functions from the afex package version 0.16-1 

(Singmann, Bolker, Westfall, & Aust, 2016). Degrees of freedom for repeated-measures factors 

were corrected for non-sphericity using the Greenhouse-Geisser procedure in all reported 

ANOVAs (Greenhouse & Geisser, 1959). Effect size measures for ANOVA results are reported 

as partial-𝜂2 (Cohen, 1988). The threshold for statistical significance was p < .05.  

 

2.2.4.1 Behavioral analysis 

Dependent variables of interest from the behavioral data included 3 estimates of memory 

performance. These included estimates of recollection and familiarity derived from the RKN 

procedure and a measure of source memory accuracy derived from the judgments that followed 

R responses. Estimates of recollection and familiarity were calculated (regardless of source 

accuracy) using the independent Remember/Know estimation procedure (Yonelinas & Jacoby, 

1995). Recollection was computed using the following formula: 

𝑅𝑒𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 =  𝑅 −  𝑅  

𝑅  and 𝑅  represent the proportion of R responses to old and new items, respectively. 

Familiarity estimates were derived from the following set of formulas: 

𝐹 =  
𝐾

1 − 𝑅
 

𝐹 =  
𝐾

1 −  𝑅
 

𝐹𝑎𝑚𝑖𝑙𝑖𝑎𝑟𝑖𝑡𝑦 =  𝐹 −  𝐹  

In the above formulae, 𝐾  and 𝐾  represent the proportion of K responses to old and new 

items, respectively.  

Source memory was computed using a single-high threshold model (for prior examples of 

its use, see Gottlieb, Uncapher, & Rugg, 2010; Mattson, Wang, de Chastelaine, & Rugg, 2014) 
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modified to account for the rate of guessing. This measure, source pR, was computed using the 

following formula:  

𝑠𝑜𝑢𝑟𝑐𝑒 𝑝𝑅 =  
𝑝(𝐻𝑖𝑡) − .5 ∗ [1 − 𝑝(𝐷𝐾)]

1 − .5 ∗ [1 − (𝐷𝐾)]
 

𝑝(𝐻𝑖𝑡) and 𝑝(𝐷𝐾) refer to the proportion of R responses accompanied by a correct source 

judgment or a Don’t Know source judgment, respectively.  

For each participant, median RTs for trials from the four bins of interest in the ERP 

analysis were calculated. Trials with RTs > 10 seconds were excluded from all behavioral and 

ERP analyses. 

 

2.2.4.2 ERP analysis 

Analysis of the ERP data was conducted on epochs time-locked to the onset of the test word in 

three time windows. These were chosen to correspond to recollection-related ERP effects 

typically reported in the literature (see Introduction): 500-800 ms (left parietal effect), 800-1200 

ms and 1200-2000 ms (late negative and right frontal effects). ERP amplitude was computed 

within each time window as the mean voltage (µV) relative to the mean voltage in the 500 ms 

pre-stimulus baseline period.   

For each time window, we focused analyses on a priori electrode clusters chosen based 

on the latency and topography of retrieval (recollection) effects previously reported in the 

episodic memory literature, namely, the ‘left-parietal’ effect associated with recollection and the 

‘right frontal’ and ‘late negative’ effects associated with post-retrieval processes (for review, see 

Friedman, 2013; Mecklinger et al., 2016). Virtual electrodes (i.e., mean ERP amplitude across all 

electrodes included in each cluster) were subjected to 4 (memory bin: R+, R-, K, CR) X 2 (age 

group: younger, older) ANOVAs, with post-hoc comparisons as warranted by the outcomes. For 

the 500-800 ms time window, a left parietal cluster (comprising TP7, CP5, CP3, P7, P5, and P3 

electrodes) was used to investigate whether the left parietal recollection effects were present in 

one or both age groups. During the intermediate time window (800-1200 ms), analyses focused 

on i) a mid-central cluster (consisting of C1, Cz, C2, CP1, CPz, and CP2 electrodes) to quantify 

the late negative slow wave identified in prior reports, and ii) a right frontal cluster (comprising 

AF4, AF8, F4, F6, and F8 electrodes), where a right frontal effect, held to be a correlate of ‘post-



 

41 

retrieval monitoring’ (Mark & Rugg, 1998; Rugg, Otten, & Henson, 2002) is typically maximal. 

The same two electrode clusters were employed in the analyses of the subsequent time window 

(1200-2000 ms).   

ANOVA effects involving the factor of memory judgment were followed up with 

subsidiary ANOVAs and pairwise comparisons to determine which response categories were 

associated with significantly different ERP amplitudes. Post-hoc t-tests were computed using a 

pooled error term (calculated within the ANOVA model motivating the comparisons). All p-

values for post-hoc tests were corrected for multiple comparisons using the Holm-Bonferroni 

method (Holm, 1979) and are reported as corrected values.  

 

2.2.4.3 Analysis of scalp topographies 

When of theoretical significance, ERP effects identified by analysis of raw amplitudes 

were subject to topographic analysis. ERP effects (i.e., average amplitude differences between 

the trial types of interest) were range-normalized following the procedure of McCarthy & Wood 

(1985). All electrodes (excluding EOG channels) were included in the models as different levels 

of a site factor.  

 

2.3 Results 

2.3.1 Neuropsychological test scores 

 Results of the neuropsychological tests are presented in Table 2.1 (these data were also 

reported in Koen et al., 2018 for an overlapping sample of participants; see section 2.2). Relative 

to younger adults, older adults demonstrated equivalent levels of performance on tests of 

vocabulary, fluency and digit-span, along with decreased performance on measures of memory, 

reasoning, and processing speed. This pattern is typical of prior reports involving samples of 

well-educated, healthy younger and older adults (e.g., de Chastelaine et al., 2016; Mattson et al., 

2014; Wang et al., 2012). 
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Table 2.1. Neuropsychological test scores for younger and older adults in experiment 1; mean 
scores given (SD). CVLT: California Verbal Learning Test, WTAR: Wechsler Test of Adult 
Reading, WMS: Wechsler Memory Scale (WMS-IV). Significant age group differences are 
marked with an asterisk. 
  

Younger Adults Older Adults Age Group Differences 
(p-values) 

N 20 20 
 

Sex (M/F) 9/11 12/8 
 

Age  23.75 (3.58) 69.25 (3.75) 
 

Years of education 16.10 (2.29) 17.00 (2.75) 0.268 
MMSE 29.50 (0.92) 29.30 (0.69) 0.443 

CVLT SD - Free  13.35 (1.69) 10.20 (3.62) 0.002* 
CVLT SD - Cued 13.85 (1.63) 11.45 (3.02) 0.004* 
CVLT LD - Free 14.05 (1.57) 10.65 (3.69) 0.001* 
CVLT LD - Cued 14.20 (1.47) 11.55 (3.25) 0.003* 

CVLT Recognition - Hits 15.55 (0.83) 14.70 (1.53) 0.036* 
CVLT Recognition - FAs 0.50 (0.61) 2.50 (2.65) 0.003* 

SDMT 59.70 (10.10) 49.65 (8.11) 0.001* 
Digit Span (Total) 21.05 (3.83) 19.50 (3.14) 0.170 

Trails A 21.83 (8.41) 28.94 (9.33) 0.016* 
Trails B 51.38 (17.27) 65.88 (23.14) 0.031* 

FAS (Total) 47.55 (10.13) 47.45 (9.77) 0.975 
Category Fluency (Animals) 23.65 (5.10) 20.85 (6.07) 0.123 

WTAR (Raw) 40.50 (3.38) 44.00 (4.70) 0.011* 
Logical Memory I 31.25 (3.80) 27.45 (6.31) 0.028* 

Logical Memory II 28.50 (4.95) 23.45 (6.58) 0.010* 
Raven's (List 1) 10.85 (1.09) 9.30 (2.03) 0.005* 

Visual Acuity (logMAR) -0.10 (0.11) 0.08 (0.13) 0.000* 
 

2.3.2 Behavioral performance 

2.3.2.1 Memory test 

  To maintain consistency with the analysis of the ERP data, we collapsed test performance 

across the short and long encoding conditions (see Koen et al., 2018 for description of these data 

segregated by this variable). Table 2.2 lists the proportions of R (with and without correct source 

judgment), K, and N responses by item type (Studied or New). Estimates of recollection, 

familiarity, and source accuracy (Figure 2.2) were contrasted using unpaired t-tests (equal 

variance not assumed). Consistent with prior reports (Koen & Yonelinas, 2014; Schoemaker et 
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al., 2014), sizeable age-related differences in recollection estimates [t(37.91) = 3.69, p < .001, 

Cohen’s d = 1.17], alongside more modest age-related deficits in estimates of familiarity 

[t(37.85) = 2.10, p < .05, Cohen’s d = 0.66], were evident. Source accuracy did not significantly 

differ between age groups [t(33.99) = 1.14, p = .26].  

 
Table 2.2. Top: test response proportions (SD) by item type (Studied, New) and RKN memory 
judgment (with source accuracy for R judgments) for younger and older adults in experiment 1.  
  

Memory judgment 

Item type R + SC R + SI R + DK K N 
 

Younger adults 

Studied 0.42 (0.14) 0.05 (0.04) 0.17 (0.09) 0.20 (0.09) 0.15 (0.07) 

New ~ 0.04 (0.04) 0.05 (0.06) 0.22 (0.14) 0.69 (0.18) 

 Older adults 

Studied 0.32 (0.12) 0.10 (0.05) 0.06 (0.06) 0.25 (0.10) 0.26 (0.09) 

New ~ 0.08 (0.07) 0.02 (0.04) 0.22 (0.13) 0.69 (0.19) 

 
 

 
Figure 2.2. Memory estimates for younger and older adults in experiment 1. Error bars represent 
standard error of the mean. See section 2.2.4.1 for details on how memory estimates were 
calculated.  
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2.3.2.2 Test RT 

Table 2.3 lists the group averages of the individual participants’ median RTs for the 

initial RKN judgment. ANOVA of these data revealed main effects of age group [F(1,38) = 8.25, 

MSE = 1365692, partial ƞ2 = 0.18, p < .01] and memory bin [F(2.11, 80.05) = 23.15, MSE = 

256162, partial ƞ2 = 0.38, p < .0001], but no age group x memory bin interaction (p = .10). The 

main effect of age group reflected overall slower responses for older adults. Comparisons 

between response categories (collapsed across age group) revealed that K trials elicited slower 

responses than all other categories (K vs. CR: t(114) = 7.28, p < .0001; K vs. R-: t(114) = 4.72, p 

< .0001; K vs. R+: t(114) = 7.15, p < .0001), R- trials elicited slower responses than R+ [t(114) = 

2.43, p < .05] and CR trials [t(114) = 2.56, p < .05], and R+ and CR trials did not significantly 

differ (p = .90).  

 
Table 2.3. Average median RT in ms (SD) by age group.  
  

Younger Adults Older Adults 
R+ 1507 (494) 2127 (597) 
R- 1687 (505) 2407 (822) 
K 2225 (573) 2765 (961) 

CR 1683 (653) 1925 (776) 
 
 
2.3.3 ERP results 

 ERP waveforms for the four response categories of interest (R+, R-, K, CR) are provided 

for three a priori electrode clusters to provide an overview of ERP effects for younger and older 

adults (Figure 2.3). It is clear from examining these figures that the patterns of activity observed 

in younger and older adults differ markedly in some of the time windows. Before describing the 

results of the statistical analyses for each time window in detail, a brief qualitative description of 

the ERP effects follows.  

In younger adults, the ERP effects appear to be broadly consistent with numerous prior 

reports. There is a positive-going effect over the left parietal scalp between around 500-1000 ms 

that is seemingly graded according to the amount of information recollected. Additionally, there 

is a prominent right frontal effect that is present for all studied items relative to correct 
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rejections. This effect overlaps temporally with a posterior-maximum negative-going effect for 

R+ items relative to all other response categories.  

 In striking contrast, older adults’ waveforms are dominated by a marked negative-going 

effect for R+ and R- items relative to K items and correct rejections. The effect emerges around 

800 ms post-stimulus and is evident over much of the scalp, albeit with a central-posterior 

maximum. The effect reverses over the right frontal scalp, giving rise to a right-frontal effect like 

that demonstrated by the younger participants.  

 
Figure 2.3. Mean ERP amplitude of the virtual electrode (averaged across all electrodes in the 
cluster) for each a priori cluster of interest in younger (left) and older adults (right). Scalp 
legends depict each electrode cluster, and rectangular frames depict time window(s) of interest 
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for each cluster. See top left plot for scale legend. Response categories depicted: R+ (Remember 
with source correct), R- (Remember with source incorrect or Don’t Know), K (Know response), 
CR (New response to new item). 
 
2.3.3.1 Recollection effects (500-800 ms.)   

To investigate the effects of memory bin and age on the ‘left parietal effect’ (section 

1.4.1.2), an ANOVA was computed for the mean amplitudes of the left parietal virtual electrode 

cluster (see Figure 2.3a). The ANOVA revealed a main effect of memory bin [F(2.62,99.40) = 

13.26, MSE = 0.91, partial ƞ2 = 0.26, p < .0001] and an age group X memory bin interaction 

[F(2.62,99.40) = 9.06, MSE = 0.91, partial ƞ2 = 0.19, p < .0001]. To follow up the interaction, we 

ran separate ANOVAs for younger and older adults. There was no significant effect of memory 

bin in older adults (p = .12). By contrast, a significant effect of memory bin was identified for the 

younger adults [F(2.60,49.45) = 15.98, MSE = 1.20, partial ƞ2 = 0.46, p < .0001]. Pairwise post-

hoc contrasts between each of the memory judgments revealed that the amplitude for R+ trials 

exceeded that for all other response categories [R- t(57) = 2.79, p < .02; K t(57) = 5.93, p < 

.0001, CR t(57) = 5.82, p < .0001], and the amplitude for R- trials exceeded that for K and CR 

trials [K t(57) = 3.14, p < .02; CR t(57) = 3.03, p < .02]. K and CR trials did not significantly 

differ (p = .91). These effects are illustrated in Figure 2.4.  

 

 
Figure 2.4. Mean ERP amplitude across the left parietal electrode cluster in younger (left) and 
older adults (right) during the 500-800 ms time window.  
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2.3.3.2 Early post-retrieval effects (800-1200 ms.) 

 ANOVA of the mean amplitude averaged across the mid-central electrode cluster 

(Figure 2.3b) revealed main effects of age group [F(1,38) = 6.84, MSE = 34.51, partial ƞ2 = 0.15, 

p < .05] and memory bin [F(2.30,87.24) = 3.33, MSE = 3.96, partial ƞ2 = 0.09, p < .05], as well 

as an age group X memory bin interaction [F(2.30,87.24) = 3.20, MSE = 3.96, partial ƞ2 = 0.08, 

p < .05]. A follow-up ANOVA revealed no significant memory bin effect in the data for the 

younger adults (p = .80). By contrast, there was a significant effect of memory bin in older 

adults’ data [F(2.02,38.28) = 6.76, MSE = 4.18, partial ƞ2 = 0.26, p < .005]. Post-hoc contrasts 

revealed that CR and K trials were significantly more positive-going than R trials: CR vs. R+ 

[t(57) = 3.60, p < .005], CR vs. R- [t(57) = 3.25, p < .01], K vs. R+ [t(57) = 3.05, p < .05], K vs. 

R- [t(57) = 2.70, p < .05], but there was no significant difference between K and CR (p = 1.00).  

We also conducted an ANOVA on the right frontal electrode cluster for this time-window 

(Figure 2.3c). This revealed no significant effects of age group (p = .13), memory bin (p = .56), 

or the interaction between these factors (p = .39).  

 

2.3.3.3 Late post-retrieval effects (1200-2000 ms.) 

 ANOVA of the data from the mid-central cluster revealed effects of age group [F(1,38) = 

6.49, MSE = 38.73, partial ƞ2 = 0.15, p < .05] and memory bin [F(2.39,90.78) = 14.44, MSE = 

3.92, partial ƞ2 = 0.28, p < .0001], as well as a significant interaction between these factors 

[F(2.39,90.78) = 7.33, MSE = 3.92, partial ƞ2 = 0.16, p < .001] . Accordingly, we conducted 

separate ANOVAs for each age group. The ANOVA for younger adults revealed no significant 

effect of memory bin (p = .28). Analysis of the older adults’ data identified a main effect of 

memory bin [F(1.98,37.63) = 20.06, MSE = 4.82, partial ƞ2 = 0.51, p < .0001]. Post-hoc 

contrasts revealed that CR and K trials were significantly more positive-going than R trials: CR 

vs. R+ [t(57) = 5.77, p < .0001], CR vs. R- [t(57) = 4.96, p < .0001], K vs. R+ [t(57) = 5.95, p < 

.0001], K vs. R- [t(57) = 5.14, p < .0001], but there was no significant difference between K and 

CR (p = .86).  

ANOVA of the 1200-2000 ms time window for the right frontal electrode cluster 

revealed a main effect of memory bin [F(2.47,93.87) = 6.11, MSE = 2.23, partial ƞ2 = 0.14, p < 
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.005], but no effects of age group or for the age-group X memory bin interaction (max p = .44). 

Post-hoc contrasts revealed that CR trials were more negative-going than all other response 

categories: R+ [t(114) = 3.19, p < .01], R- [t(114) = 3.69, p < .005], and K [t(114) = 3.52, p < 

.005]. R+, R-, and K trials did not differ from one another. These findings are illustrated in 

Figures 2.3c and 2.5.  

 

 
Figure 2.5. Mean ERP amplitude across the right frontal electrode cluster in younger (left) and 
older adults (right) during the 1200-2000 ms time window. There was a significant main effect of 
memory bin, but no significant main effect of age group or age group X memory judgment 
interaction.  
 
 

2.3.4 Analysis of scalp topographies 

             The electrode cluster of interest approach we utilized does not inform whether the 

neural generators of ERP effects identified in the results reported above differed from one 

another. We therefore also investigated the scalp distributions of significant ERP effects obtained 

during 500-800 ms. and 1200-2000 ms. time windows to obtain more information about the 

distribution of effects. 
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Figure 2.6. A) Left parietal effect: topography of range-normalized difference scores during the 
500-800 ms time window for R+ vs. R- (left) and R- vs. K (right) in younger adults. B) Right 
frontal effect: range-normalized difference scores for Hit (R+, R-, K) vs. CR in younger (top) 
and older adults (bottom) during the 1200-2000 ms time window. Note the different scale for 
each plot, ranging from the minimum (dark blue) to maximum (dark red).  
 
 

2.3.4.1 Recollection effects (500-800 ms.) 

Analysis of the mean amplitudes of the 500-800 ms time window suggests that the left 

parietal effect demonstrated a graded effect in younger adults (R+ > R- > K; see above). To 

ascertain whether the two effects (R+ > R-, and R- > K) likely reflected the modulation of a 

common population of generators, we contrasted their topographies (see Figure 2.6a). In both 

contrasts, the effects include left parietal maxima, with additional maxima over the frontal scalp. 

ANOVA of the whole scalp range-normalized data revealed no evidence for an interaction 

between the two effects (R+ vs. R- and R- vs. K) and electrode site (p = .95), and hence no 

evidence that the effects reflect the activity of different populations of generators underlying 

these ERP effects in younger adults.   
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2.3.4.2 Late post-retrieval effects (1200-2000 ms.) 

Analysis of the range-normalized difference scores between correct old responses 

(collapsing across R+, R-, and K responses) in younger and older adults during the 1200-2000 

ms time window revealed a marginally significant age X electrode site interaction 

[F(4.45,168.96) = 2.29, MSE = 5.93, partial ƞ2 = 0.06, p = .056], suggesting that the scalp 

distributions of the difference between correctly identified old and new items may differ by age 

group (see Figure 2.6b). Although the right frontal positivity was similarly distributed in younger 

and older adults, negative-going effects for hits relative to CRs differed in their distribution by 

age group: whereas these effects were maximal over the centro-parietal scalp in older adults, 

their maximum was over the left frontal scalp in the younger participants. 

   
 
2.4 Discussion 

 We investigated the relationship between the amount (or fidelity) of recollection and the 

neural correlates of recollection in samples of younger and older adults. Consistent with prior 

findings (Vilberg et al., 2006; Vilberg & Rugg, 2009a; Wilding, 2000), ERP correlates of 

recollection over the left parietal scalp in younger adults were modulated by a measure that may 

index the amount of recollected information, as this was operationalized by the contrast between 

items endorsed as R according to the accuracy of a subsequent source memory judgment. In 

older adults, no evidence of modulation of ERPs according to source accuracy was identified; 

instead, older adults’ data were dominated by a centrally maximal late negative-going deflection 

that was elicited by items endorsed as R, relative to those endorsed as K or N, regardless of 

source accuracy. Finally, in both age groups, a sustained right frontal positive-going deflection 

was elicited by items attracting correct ‘old’ judgments, regardless of whether they were 

endorsed as recollected or familiar only. Below, we discuss these findings and their implications. 

 

2.4.1 Behavioral findings 

 Consistent with the conclusions of systematic literature reviews (Koen & Yonelinas, 

2014; Schoemaker et al., 2014), we identified a substantial age-related reduction in recollection.  

as this was estimated by proportion of R judgments, alongside a smaller but reliable difference in 
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familiarity-based recognition memory. Contrary to numerous prior reports, however, (e.g., 

Boywitt, Kuhlmann, & Meiser, 2012; Duarte et al., 2008; Kuhlmann & Boywitt, 2016; Spencer 

& Raz, 1995), we did not find an effect of age on source memory performance. This surprising 

result might be attributable to the fact that successful memory judgments could be supported by 

retrieval of multiple, redundant features of the study episode. Each study task (Manmade or 

Shoebox judgment) was consistently associated with a specific task cue (X or O) and, in 

addition, with a different hand of response. Therefore, a correct source judgment could have 

been supported by retrieval of task (Manmade vs. Shoebox), perceptual (X vs. O) or effector (left 

vs. right hand) information. We conjecture that this redundancy in source-specifying information 

may have attenuated potential age differences in source memory performance.  

 

2.4.2 Age-invariant ERP modulations 

A sustained positive-going effect over the right frontal scalp was evident in both younger 

and older adults during the 1200-2000 ms time window. This finding is reminiscent of several 

prior reports of age-invariant ‘right frontal‘ ERP retrieval effects (e.g., Dulas & Duarte, 2013; Li 

et al., 2004; Mark & Rugg, 1998). From the earliest studies in which this right frontal effect was 

reported (e.g., Wilding & Rugg, 1996), it has been interpreted as a neural correlate of the 

engagement of post-retrieval monitoring operations – processes that act on products of a retrieval 

attempt to align its outcome with behavioral goals (Cruse & Wilding, 2009; for reviews see 

Rugg, 2004; Rugg et al., 2002). Along with the aforementioned aging studies, the present 

findings support the proposal that post-retrieval monitoring is relatively impervious to the effects 

of age. This proposal receives additional support from fMRI studies in which the neural 

correlates of post-retrieval monitoring have been compared in older and younger adults and have 

reported null effects of age (e.g., de Chastelaine et al., 2016; Dulas & Duarte, 2014; Giovanello, 

Kensinger, Wong, & Schacter, 2010; Wang et al., 2015; but see McDonough et al., 2013; 

Mitchell et al., 2013). 
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2.4.3 ERP modulations specific to younger adults 

 As noted above, recollection-related ERP effects over the left parietal scalp in younger 

adults were sensitive to the source accuracy of recollected information, as reported previously 

(Vilberg et al., 2006; Vilberg & Rugg, 2009a; Wilding, 2000). Importantly, the present 

experimental procedure allowed us to contrast ERPs that may be associated with differing 

amounts of information using a combination of ‘subjective’ (R/K) and ‘objective’ measures of 

recollection, extending prior findings in which the amount of information recollected was 

indexed by subjective judgment (Vilberg et al., 2006) or inferred from a study manipulation 

(Vilberg & Rugg, 2009a).   

The present findings bear comparison with those from an fMRI study in which a similar 

experimental procedure was employed. Yu et al. (2012a) reported greater BOLD activity in the 

left angular gyrus for items accorded an R judgment that went on to attract a correct, high-

confidence source judgment relative to items endorsed R that attracted a low-confidence or 

incorrect judgment. In addition, left angular gyrus BOLD activity elicited by these latter items 

tended to exceed the activity elicited by items afforded K judgments (whether this contrast 

achieved the nominal significance level depended on the composition of the trial types 

comprising the K judgments). These findings parallel those reported here for the left parietal 

ERP ‘recollection effect,’ and, together, they add to the evidence that this ERP effect is the 

electrophysiological correlate of the recollection-related fMRI BOLD effects consistently 

observed in left angular gyrus (Woodruff et al., 2006; for review see Vilberg & Rugg, 2008).  

 

2.4.4 ERP modulations specific to older adults 

We found no evidence in our older participants of the left parietal recollection effect that 

was so prominent in the younger adult sample. Rather, in the two late time windows (between 

800 and 2000 ms post-stimulus), a sustained, centrally maximal negative-going deflection was 

elicited by items attracting R judgments relative to familiar-only items. The deflection was not 

sensitive to source accuracy.  It is not possible to determine whether a left parietal recollection 

effect would have been evident in the older subjects’ ERPs had this negative deflection, the onset 

of which likely overlapped the parietal recollection effects, not been present. Very similar late 
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negative ERP effects in older adults have been reported in several prior studies (section 2.1). In 

some of these studies, as in the present case, the negative effect was not accompanied by a 

detectable parietal effect (Kamp & Zimmer, 2015; Scheuplein et al., 2014). In other studies, 

however, the negative effect co-existed with a robust left parietal effect (Dulas & Duarte, 2013; 

James et al., 2016; Trott et al., 1997; 1999; Wegesin et al., 2002),  and, in one case, the negative 

effect co-occurred with a parietal effect that was evident only over the right hemisphere (Li et al., 

2004). Clearly, these two retrieval-related effects are not mutually exclusive. However, the inter-

relationship between the effects is unclear, as are the circumstances that dictate whether they will 

co-occur or whether the parietal effect will be obscured by the evolving negativity.  

The present finding that the late negative recollection effect that we observed in older 

adults was insensitive to source accuracy significantly extends previous results. With only one 

exception (see below), prior reports describing analogous age-dependent effects did not contrast 

the effects according to either subjective (R/K) or objective (source accuracy) operationalizations 

of recollection-related neural activity; rather, the contrasts identifying the effects employed ERPs 

elicited by correct rejections as a ‘baseline’ (Dulas & Duarte, 2013; James et al., 2016; Kamp & 

Zimmer, 2015; Li et al., 2004; Scheuplein et al., 2014; Wegesin et al., 2002), potentially 

confounding the neural correlates of recollection and familiarity. The present experiment is only 

the second study to examine whether this age-dependent late negative effect is sensitive to 

recollection-related retrieval rather than reflecting a more generic retrieval process. The results 

stand in striking contrast to those reported in the prior study of Trott et al. (1997) and Trott et al. 

(1999). As noted in the Introduction, these researchers examined ERPs in younger and older 

adults in a procedure that allowed waveforms to be segregated according to source accuracy or 

on the basis of an RKN judgment. In agreement with the present data, Trott et al. (1997) and 

Trott et al. (1999) reported that a prominent, age-dependent central-maximum late negativity 

(assessed relative to correct rejections) was insensitive to source accuracy. In contrast to the 

present results, however, the late negativity was also insensitive to the R/K distinction; items 

accorded either judgment were equally negative-going relative to correct rejections. The reasons 

for these discordant findings are unclear, although it may be relevant that in the experimental 

procedure adopted by Trott et al. (1997) and Trott et al. (1999), ERPs were recorded during an 
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initial item memory judgment, while both the source and R/K judgments were made ‘off-line’ 

some seconds later following the re-presentation of the test item.  

The findings of Li et al. (2004) demonstrate a somewhat similar pattern of ERP effects in 

older adults to that observed here (although it should be noted that the sustained retrieval-related 

negativity reported by these authors was strongly left lateralized, and the contrast yielding the 

effects was between source-correct and correct rejection trials). Importantly, Li et al. (2004) 

employed a study manipulation (number of study exposures) that allowed ERPs to be contrasted 

across age groups while equating source accuracy, ruling out the possibility that the marked age 

differences in ERP retrieval effects that they observed were the result of a confound between age 

and memory performance (see Dulas & Duarte, 2013, for similar findings). Although, unlike 

here, Li and colleagues (2004) did not employ a contrast allowing recollection-specific effects to 

be identified, we take their findings as evidence that the present results are not merely a 

reflection of age-related differences in memory performance (see Rugg, 2016, for discussion of 

this issue).     

The question remains as to the functional significance of the age-selective retrieval-

related negativity identified here and in prior studies (Dulas & Duarte, 2013; James et al., 2016; 

Kamp & Zimmer, 2015; Li et al., 2004; Scheuplein et al., 2014; Trott et al., 1997; 1999; Wegesin 

et al., 2002). Prior suggestions have converged on the general notion that the effect might reflect 

a tendency in older adults to engage sustained, consciously mediated reconstructive processes in 

an effort to recover source-specifying information (e.g., Dulas & Duarte, 2013; Li et al., 2004; 

Scheuplein et al., 2014). The present findings are arguably consistent with these prior proposals 

given that in the experimental procedure adopted here, source judgments were required only for 

those items accorded an R response. At the same time, our findings (along with those of Trott et 

al., 1997; 1999) raise a difficulty for this account, in that they demonstrate that this age-related 

negativity is insensitive to source accuracy. Arguably, this finding is hard to reconcile with 

accounts of the negativity that tie it to a memory search process, since one would assume that 

this process would, on average, terminate sooner on trials on which a judgment was accurate, 

leading to a greater or more prolonged negativity for trials associated with inaccurate judgments. 
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In agreement with Mecklinger et al. (2016), we conclude that the functional significance of this 

remarkable age-selective ERP effect remains elusive. 

 

2.4.5 Limitations 

A limitation of the present study stems from the test requirement to make source 

judgments only for items attracting R responses. This leaves open the possibility that the late 

negativity observed in older adults reflects differential response demands, since only R, and not 

K or N, judgments required two responses. Although we cannot definitively reject this 

possibility, it seems highly unlikely in light of the large number of studies where highly similar 

age-related late negativities were reported using experimental procedures that equated the 

response demands for different trial types (Dulas & Duarte, 2013; James et al., 2016; Kamp & 

Zimmer, 2015; Li et al., 2004; Scheuplein et al., 2014; Trott et al., 1997; 1999; Wegesin et al., 

2002). We note in addition that if the late negativity we observed here was merely a reflection of 

the additional response demands associated with R judgments, one would have expected a 

similar effect to be present in the younger adults’ waveforms, which was very clearly not the 

case (see Fig. 2.3).  

 

2.4.6 Conclusion 

 The present findings agree with and potentially extend prior work by demonstrating that 

the electrophysiological correlates of recollection are sensitive to the amount and fidelity of the 

retrieved information in younger adults (Vilberg et al., 2006; Vilberg & Rugg, 2009a). 

Additionally, the findings indicate that the sustained, retrieval-related negative deflection 

reported previously in older adults (Dulas & Duarte, 2013; James et al., 2016; Kamp & Zimmer, 

2015; Li et al., 2004; Scheuplein et al., 2014; Trott et al., 1997; 1999; Wegesin et al., 2002) is 

associated with accurate recollection based on subjective reports. The functional significance of 

this effect and its relationship with other retrieval-related ERP effects remain obscure.  

 

 

 



 

56 

Acknowledgments 

 

This work was supported by an award to M.D.R. from the National Institute of Aging 

[grant number AG039103], and by awards to J.D.K. from the National Institute of Aging [grant 

number AG049583] and the Aging Mind Foundation. 

  



 

57 

CHAPTER 3 
 

MODULATION OF THE NEURAL CORRELATES OF RECOLLECTION AND POST- 
 

RETRIEVAL MONITORING BY A DUAL-TASK MANIPULATION, AS INDEXED BY 
 

fMRI (EXPERIMENT 2) 
 
 

3.1 Introduction  

According to the CRUNCH model (Reuter-Lorenz & Cappell, 2008), neural activity 

increases with task demands until a resource limit is reached, at which point activity drops off. 

With increasing age, the pool of neural and cognitive resources becomes more limited; thus, 

older adults are expected to reach this limit (the ‘crunch’ point) at a lower level of task demand 

than younger adults (Figure 1.4). It is thus possible that in the case of previous experiments in 

which age-invariant prefrontal monitoring effects were reported (see section 1.4.2.2.1 and de 

Chastelaine et al, 2016; Wang et al, 2015), task demands were too low for either younger or 

older adults to reach a resource limit for frontally mediated control resources supporting post-

retrieval monitoring. We hypothesized that age-related differences in monitoring effects may be 

detectable if resources necessary for cognitive control (i.e., processes involved in such functions 

as attentional control and goal-directed cognition more generally) are taxed to a greater extent. 

To test this hypothesis, in experiment 2 we utilized a dual task manipulation by employing a 

secondary tone detection task during associative recognition. Crucially, the secondary task was 

intended to impact demand for generic control resources, rather than to increase the difficulty of 

the memory retrieval task itself, in contrast to prior studies that reported age-related differences 

in monitoring effects (see section 1.4.2.2.2 and McDonough et al., 2013; Mitchell et al., 2013). 

Thus, alternating single and dual task test blocks were used to modulate demands on attentional 

and cognitive control processes during associative retrieval in the MRI scanner. Prior to the 

retrieval phase, a study phase was undertaken outside the scanner under full attention conditions.  
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3.1.1 Divided attention at encoding and retrieval 

Divided attention (DA) during encoding has been shown to substantially decrease 

subsequent memory performance, but divided attention during retrieval tends to have a smaller 

effect on performance, mainly affecting secondary task performance and RTs (Craik, Govoni, 

Naveh-Benjamin, & Anderson, 1996; Craik, Naveh-Benjamin, Ishaik, & Anderson, 2000; 

Naveh-Benjamin, Craik, Guez, & Kreuger, 2005). One likely reason for this asymmetry is that 

encoding relies heavily on attention; that is to say, aspects of an episode that receive relatively 

less attention and are processed less fully are unlikely to be encoded in the first place. Therefore, 

frontally mediated, top-down control processes play an important role in effective encoding. The 

situation is somewhat different at retrieval, however; MTL-mediated pattern completion 

processes operate more or less automatically following the processing of a retrieval cue, in those 

cases where successful retrieval occurs. In terms of the contribution of top-down processes 

during each of the three stages of retrieval (reviewed in section 1.1), pre-retrieval processes 

should remain relatively constant; Craik et al. (1996) reported that retrieval cue processing 

automatically captures attentional processes at the cost of secondary task performance, reflected 

in increased secondary task RT with DA at retrieval. Retrieval (ecphory), on the other hand, 

operates relatively automatically once pre-retrieval processes have been set in motion, reflected 

by preserved memory performance when emphasis on a secondary task is increased during DA at 

retrieval (Craik et al., 1996; Craik, Eftekhari, Bialystok, & Anderson, 2018). Post-retrieval 

processes, in contrast, vary in their level of engagement depending on the quality of the memory 

signal returned by the memory search, and thus vary in their dependence on available cognitive 

control resources. Disruption of top-down control processing during retrieval thus should have a 

greater effect on post-retrieval monitoring than on pre-retrieval or retrieval stages (Figure 1.1). 

For these reasons, dividing attention during retrieval is less devastating to memory performance 

than during encoding, as at least some aspects of retrieval relying heavily on MTL structures 

remain comparatively undisturbed. Craik and colleagues (1996) argued that retrieval cue 

processing, while attentionally demanding, is in some sense ‘protected’; memory processes 

receive privileged access to attentional resources even under dual task conditions, particularly 

when there is little overlap in the processes needed for the memory and secondary tasks. In 
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agreement with this view, larger disruption of memory performance with DA during retrieval has 

been reported when the secondary task involves cognitive processes similar to those required for 

the memory task, such as an animacy decision task during retrieval of words (Fernandes & 

Moscovitch, 2003). For this reason, we chose a tone detection task to serve as the secondary task 

for the dual-task blocks of the associative memory test, under the assumption that this task would 

draw upon generic attentional and control resources.  

In the context of aging, Fernandes and Moscovitch (2003) reported that when an odd-

digit task (respond when an odd-digit number is presented) was used as the secondary task 

during retrieval, a disproportionate elevation of false alarms was found for older relative to 

younger adults. Similarly, Castel and Craik (2003) compared item and associative memory in 

younger and older adults under divided and full attention conditions during encoding and 

retrieval. A performance deficit was observed for older relative to younger adults in both the full 

and divided attention conditions, with a more pronounced deficit for associative memory. The 

larger deficit in associative performance was characterized by an increased false alarm rate for 

older adults under DA conditions. The increased false alarm rate suggests that the secondary task 

may have interfered selectively with post-retrieval monitoring; interference with processing 

retrieval cues would have resulted in a decreased hit rate. The older adults examined by Castel 

and Craik (2003) and Fernandes and Moscovitch (2003) were still able to retrieve information 

about the study episodes under DA conditions, but they were more likely to endorse lures as 

studied, presumably because they engaged post-retrieval monitoring to a lesser extent in this 

condition. In agreement with these findings, younger and older adults in our experiment were 

able to perform the associative memory task under dual task conditions (section 3.3.2). We 

predicted that divided attention would affect performance of the tone task in both groups. For 

associative memory performance, we predicted older adults would suffer disproportionately 

under dual task conditions. We expected to see a larger increase in false alarm rate for older 

relative to younger adults, similar to the findings discussed above (Castel & Craik, 2003; 

Fernandes & Moscovitch, 2003). Since the tone detection task should draw upon generic control 

resources overlapping little with MTL-mediated pattern completion processes, we expect 

participants’ ability to retrieve information (reflected in the rate of associative hits) to remain 
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relatively stable across task conditions. If, as we predict, monitoring processes are 

disproportionately affected in older adults, this should manifest behaviorally as an increase in 

false alarm rate.  

 

3.1.2 Investigating prefrontal involvement in monitoring with fMRI  

In addition to examining age-related differences in behavioral performance, experiment 2 

examined the neural correlates of post-retrieval monitoring in younger and older adults under 

single vs. dual task conditions. Consistent with prior research, we expected to identify BOLD 

signal differences in frontal regions (bilateral DLPFC and ACC) when contrasting activity for 

trials associated with high vs. low monitoring demands (de Chastelaine et al., 2016; Wang et al., 

2015). Additionally, we aimed to determine whether modulating the demand on generic control 

resources via a dual-task manipulation would produce age-related differences in fMRI 

monitoring effects, predicting that the manipulation would result in a disproportionate reduction 

in the magnitude of effects in older adults because they have a smaller pool of control resources 

to draw upon, relative to younger adults. Importantly, we also assessed the relationship between 

associative recognition performance and the magnitude of fMRI monitoring effects in younger 

and older adults at the single subject level, using multiple regression models. If age-related 

differences in sensitivity to the dual task manipulation are due to interference with generic 

control processes supporting post-retrieval monitoring, then reductions in memory performance 

and monitoring effects should covary. However, if age-related differences are also due to 

interference with other retrieval-related processes, the relationship between performance and 

monitoring effects should be weaker in the dual-task relative to the single-task condition (see 

section 1.4.2.2.1 for discussion of prior findings of age-invariant monitoring effects).    

Although our hypotheses are primarily concerned with monitoring activity in prefrontal 

cortex, we also examined retrieval effects in a set of MTL and cortical regions consistently 

associated with successful recollection. We predicted that recollection effects in these regions 

would not be as strongly affected by the dual task manipulation as would prefrontal monitoring 

effects. As long as participants are able to attend and process retrieval cues during dual task 

blocks, pattern completion processes supporting recollection should be relatively unaffected, 



 

61 

leading to reinstatement of activity in the core recollection network and other regions involved in 

online processing of study episodes. Prior evidence suggests that retrieval-related activity in 

younger and older adults is associated with a common set of regions and that these regions are 

engaged to a similar extent (section 1.4.2.1) when performance is matched (Duarte et al., 2008; 

Dulas & Duarte, 2016; Wang & Giovanello, 2016) or age-related performance differences are 

statistically controlled for (de Chastelaine et al., 2016; Dulas & Duarte, 2012; Wang et al., 2015). 

To ensure that retrieval cues (studied and unstudied word pairs) were attended, we restricted tone 

onsets such that they never occurred during a window 500 ms prior to and following presentation 

of the word pairs (see section 3.2.2.1 for details). We assumed based on the expected timecourse 

of reading and comprehending written language (for review see Kutas & Federmeier, 2011) that 

this window would provide sufficient time for participants to perceive and comprehend the word 

pairs before any tone onset could potentially divert attention away from their processing.   

As an exploratory analysis, we also conducted psychophysiological interaction (PPI) 

analyses using frontal regions implicated in monitoring as seeds to locate regions of the brain 

where activity covaried with these regions as a function of monitoring demand (i.e., increased 

connectivity for word pairs eliciting ‘rearranged’ responses relative to pairs eliciting correct 

‘intact’ responses). As outlined in section 1.4.2.1, consistent age-invariant increases in functional 

connectivity among core recollection regions and other areas such as bilateral occipital cortex 

and left IPS have been identified during successful recollection. Here, we asked how the pattern 

of connectivity change associated with engagement of monitoring processes may be modulated 

by age group and task demand.    

 

3.2 Methods 

The experimental procedures described below were approved by the Institutional Review 

Boards of UT Dallas and The University of Texas Southwestern Medical School (UTSW). All 

participants provided written informed consent prior to participation in the experiment.  
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3.2.1 Participants 

Twenty-eight young adults (aged between 18-30 years) and 28 older adults (aged 

between 65-76 years) were recruited from the UT Dallas and surrounding metropolitan Dallas 

communities. Some participants were also included in experiment 1; to avoid interference 

effects, there was no overlap between the stimulus lists used in experiments 1 and 2. Participants 

were compensated at the rate of $30 per hour for the experimental fMRI session and reimbursed 

for travel. Participants were required to be right-handed, have normal or corrected-to-normal 

vision, to score a minimum of 27 on the Mini-Mental State Examination (MMSE) and to be 

eligible for MRI. Exclusion criteria included a history of cardiovascular disorder (with the 

exception of treated hypertension), diabetes, psychiatric disorders, disorders of the central 

nervous system, substance abuse, current or recent use of sleeping aids, and inadequate 

standardized test performance (see section 2.2.1.1 for details).  

An additional eight participants were tested but excluded for the following reasons: three 

older adults were excluded due to insufficient trial numbers in one or more critical conditions, 

three older and one younger adult were excluded for behavioral performance below the 

predetermined cut-off on the associative recognition task under single task conditions (pR < .05), 

and one younger adult was excluded for excessive motion in the scanner. An additional eight 

participants were scheduled but unable to complete the experiment for the following reasons: 

three older adults opted out of the experiment due to claustrophobia, one older adult was deemed 

potentially unsafe for the MR environment during screening, and two older and two younger 

adults were unable to complete the experiment due to technical issues after they had completed 

the study phase.  

 

3.2.1.1 Neuropsychological Testing 

 Our standard battery of neuropsychological tests (as described in section 2.2.1.1 was 

administered to all participants.  
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3.2.2 Materials 

3.2.2.1 Critical stimuli 

Critical stimulus lists were yoked across young and older participants. Experimental 

stimuli consisted of 320 semantically unrelated word pairs taken from the word association 

norms of Nelson, McEvoy, and Schreiber (2004). All words were concrete nouns between 3 and 

9 letters in length. The stimulus pool was randomly divided into 5 lists containing 64 word pairs 

each; lists were counterbalanced across participants so that each pair was used in all conditions. 

For the study phase, critical stimuli consisted of two pseudo-randomly ordered lists of word pairs 

(with no more than 3 successive trials of the same expected encoding judgment, as determined 

by majority agreement of three experimenters’ independent ratings). For the test phase, critical 

stimuli consisted of 192 intact pairs (words presented together at study), 64 rearranged pairs 

(words paired with different words at study), and 64 new pairs (words from the final list not seen 

at study). Critical items were pseudo-randomly ordered and intermixed with 104 null trials such 

that there were no more than 3 successive trials of the same type. Two buffer pairs were inserted 

at the beginning and middle of all experimental task blocks. Practice lists for study and test 

phases were drawn from a separate pool of word pairs. 

All test lists also included tones for the secondary task. Tones consisted of pure sine 

waves generated by Cogent 2000, the MATLAB toolbox used for stimulus presentation. Low 

frequency (400 Hz) and high frequency (900 Hz) tones were randomly assigned a stimulus onset 

asynchrony (SOA) that varied continuously between 1000-3000 ms and were interspersed 

throughout each test block, such that 1-3 tones occurred during each trial (including null trials). 

Tone onsets were restricted such that they could not occur concurrently with the red fixation 

cross immediately prior to each word pair, nor during the first 500 ms of each word pair 

presentation. This was to reduce the chance of tones capturing participants’ attention before they 

were able to read the word pair (although participants were informed that tones could occur at 

any time during the test trials). Each stimulus list was associated with a ‘target’ tone, and the 

proportion of target tones in each list was 0.33. Single- and dual-task blocks all contained tones, 

with the same ratio of low to high tones in each type of block.  
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3.2.2.2 Practice stimuli 

Practice lists were created using 96 additional word pairs with similar characteristics to 

the critical stimuli. For study, one practice list comprising 50 intact and 23 rearranged pairs was 

created. For test, the intact and rearranged pairs were split across two practice lists (single and 

dual task). Practice test 1 (single task) comprised 30 intact, 15 rearranged, and 15 new pairs, and 

12 null trials. Practice test 2 (dual task) comprised 20 intact, 8 rearranged, and 8 new pairs, and 

12 null trials. For practice test 2, tones were added following the procedure described above for 

the critical lists. A tone-only practice list was also created, consisting only of tones (as above) 

with a white fixation cross. This practice list was 3 minutes in duration and was used to establish 

a baseline reaction time for the secondary tone task. Separate dual-task practice lists were created 

for low and high target tones using identical word pair lists. Practice lists were identical for all 

participants.  

 

3.2.3 Experimental Procedure 

All experimental items were presented in uppercase 30-point Helvetica font, in white text 

on a black background. The members of each word pair were presented simultaneously, one 

above and one below fixation. Items subtended a vertical visual angle of 2.7°and a maximum 

horizontal visual angle of 6.2°, at a viewing distance of 52.7 cm. Word pairs were presented for a 

duration of 2000 ms and were preceded by a red fixation cross for 500 ms. A white fixation cross 

followed for 1000 ms at study and 2000 ms at test. Null trials consisted of a white fixation cross 

displayed for the same duration as a critical trial (4.5 sec. at test); the study phase did not contain 

null trials because it took place outside of the scanner. Presentation and timing of experimental 

stimuli were controlled using the Cogent software package 

(http://www.vislab.ucl.ac.uk/cogent.php). Rest periods interposed halfway through each task 

block were 30 s in duration. Test hand, response-finger mapping, single/dual task block order, 

and target tone were counterbalanced across participants.   
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Figure 3.1. Experiment 2 tasks. Top: schematic for the study phase. Bottom: schematic for 
the test phase. Response options depicted apply to the dual-task condition; the single-task 
procedure was identical except participants were instructed to ignore tones.  

 

 

3.2.3.1 Training and practice 

Prior to the experiment proper on the same day as the fMRI session, participants were 

fully instructed on all tasks and given a chance to practice them until they felt comfortable with 

the requirements. Participants completed practice phases in the following order:    
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 Study practice (first 9 trials self-paced) 

 Test practice – single task (first 20 trials self-paced) 

 Tone practice – single task (establish RT baseline) 

 Test practice – dual task (all trials timed) 

Participants were allowed to repeat practice phases until they felt comfortable with the 

task demands, pacing, and response options, and the experimenter was satisfied that they were 

performing the task adequately. A legend of response options remained on-screen for the 

duration of all task blocks during the practice and critical phases. 

 

3.2.3.2 Study phase 

 The study phase, which was presented outside the scanner on a laptop computer, lasted 

approximately 18 minutes (see Figure 3.1 for task schematic). Encoding was intentional, as 

participants were made aware of the subsequent associative recognition test and trained on both 

study and test phases before beginning the experiment. The study session consisted of two task 

blocks with a short rest in between. Study words were presented visually, one above and one 

below fixation. The task was to judge which of the two objects denoted by the words would more 

likely fit into the other and to respond via a button press. To encourage relational encoding of the 

word pairs, participants were instructed to focus on imagining a scenario (constructing a vivid 

visual image or verbal story) to determine which item would ‘fit’ into the other. Participants 

were instructed to respond as quickly as possible without sacrificing accuracy. Following the 

study session, participants were escorted to the scanner and prepared for the test phase.   

 

3.2.3.3 Test phase 

The test session took place inside the scanner and began approximately 25 minutes after 

completion of the study session (younger adults: mean 23 mins, SD 7 mins, older adults: mean 

25 mins, SD 8 mins); see Figure 3.1 for task schematic. The test phase comprised four blocks, 

separated from one another by short rest periods. Test blocks alternated between single-task 

(associative memory task only) and dual-task (associative memory plus tone identification) 

blocks. Participants heard tones during all test blocks but were instructed to ignore them during 
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the single-task blocks. During the dual-task blocks, participants were instructed to give equal 

emphasis to both tasks. For the associative memory task, participants viewed word pairs with the 

requirement to judge whether each pair was intact (referred to as same in participant instructions 

to improve clarity), rearranged, or new. Participants were instructed to respond intact only when 

they were confident of the decision and recalled a specific memory involving the two items, and 

to respond rearranged only when both words were recognized as having been studied. They 

were informed that the test list did not include mixed pairs of new and studied words but 

instructed to respond new anytime they only recognized one of the words from the study list. 

Participants again indicated responses via button press and were instructed to respond as quickly 

as possible without sacrificing accuracy. 

 

3.2.3.4 fMRI Acquisition 

 Participants were scanned using a 3 Tesla Philips Achieva MRI scanner (Philips Medical 

Systems) equipped with a 32-channel parallel imaging receiver head coil. Anatomical data were 

obtained using a T1-weighted 3D magnetization-prepared rapid gradient echo (MP-RAGE) pulse 

sequence (FOV 256 x 256, 1x1x1 voxel size, 176 slices, sagittal acquisition). Functional data 

were obtained using a T2*-weighted echo-planar imaging (EPI) sequence (270 volumes, 33 axial 

images per volume, TR = 2 s, TE = 30 ms, flip angle 70°) with 3 mm slices (1 mm interslice gap, 

3x3 mm in-plane resolution). Slices were acquired in ascending order with a sensitivity encoding 

(SENSE) reduction factor of 2 for functional data. The first 5 volumes of each block were 

discarded to allow tissue magnetization to reach equilibrium.   

 

3.2.3.5 fMRI Preprocessing 

 The data were preprocessed and analyzed using SPM12 (http://www.fil.ion.ucl.ac.uk). 

Functional images were realigned to the mean EPI template, motion and slice-time corrected, 

spatially normalized, and smoothed using an 8 mm full-width half-maximum (FWHM) Gaussian 

kernel. Data were normalized to a sample-specific template created from 26 younger and 22 

older adults included in the present sample. The sample-specific template used in the 

normalization step was created by first normalizing each participant’s mean functional volume to 
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the MNI template, averaging the normalized volumes within each group, and averaging the 

group mean images to form a sample-specific template that takes into equal account the 

contribution of each age group. Two younger and six older adults were excluded from template 

creation due to poor initial normalization to the MNI template, but normalization to the sample-

specific template was of sufficient quality to include them in the final analysis sample. 

 

3.2.4 Statistical analyses 

 Critical trial types utilized in analysis of fMRI data were associative hits (intact pairs 

correctly endorsed as intact), associative misses (intact pairs endorsed as rearranged) and 

associative correct rejections (rearranged pairs correctly endorsed as rearranged). Due to 

insufficient trial numbers for some participants, associative misses and associative correct 

rejections were collapsed at the first level into a single bin for fMRI analyses, despite caveats 

(see section 3.4.2.3 for discussion). We refer to these two critical trial types as ‘intact’ and 

‘rearranged’ responses throughout for simplicity.  

 

3.2.4.1 Behavioral analysis 

 Measures of task performance and response time (RT) were calculated separately for the 

associative memory and tone identification tasks. Associative memory performance was indexed 

as pR (prop. associative hits – prop. associative false alarms, that is, rearranged pairs incorrectly 

endorsed as intact) and was calculated separately for single- and dual-task blocks. Performance 

on the tone task was similarly indexed as hits (responses to target tones) – false alarms 

(responses to nontarget tones). These metrics were calculated separately for the tone task practice 

phase (serving as a baseline for tone RT) and dual-task test blocks. Associative memory and 

secondary tone task performance measures were entered into separate 2 (task: single vs. dual) x 2 

(age group: younger vs. older) ANOVAs. Response times for the associative memory task were 

entered into a 2 (task) x 2 (age group) x 2 (memory judgment: intact, rearranged) ANOVA, and 

RT to hits in the secondary tone task were entered into a 2 (task: baseline vs. dual) x 2 (age 

group) ANOVA. As appropriate, significant effects were followed up by within-group ANOVAs 

or t-tests. Greenhouse-Geisser correction was applied to ANOVA models where appropriate.  
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3.2.4.2 fMRI analysis 

The fMRI data were analyzed in a two-step procedure using a general linear model 

(GLM) implemented in SPM12. For each participant, neural activity elicited by test pairs was 

modeled as a delta function and convolved with two canonical hemodynamic response functions 

(HRFs): a canonical and an orthogonalized delayed HRF, generated by shifting the canonical 

HRF one TR (2 s) later and applying the Gram-Schmidt procedure to ensure that variance shared 

between the regressors was attributed uniquely to the canonical HRF (Andrade, Paradis, 

Rouquette, & Poline, 1999). The results from the late covariate model did not reveal any effects 

of theoretical significance additional to those obtained from the early covariate model, and 

therefore are not further discussed. Events of interest listed in section 3.2.4 were modeled 

separately for single- and dual-task blocks, as well as events of no interest and the 30-second rest 

period midway through each block. Six motion regressors and three constants for means across 

test blocks were also included in the design matrix. During parameter estimation, an 

autoregressive AR(1) model was used to correct for time-series correlations. 

 

3.2.4.2.1 Whole brain univariate analysis 

Voxel-wise parameter estimates for conditions of interest computed for each individual 

participant were carried over into second-level models in which participants were treated as 

random effects. Critical contrasts between ‘intact’ and ‘rearranged’ responses, representing low 

vs. high monitoring demands, respectively, were modeled separately for single and dual task 

blocks. ANOVA models were used to identify main effects of age and task, along with their 

interaction. A significance threshold of p < .05, FWE cluster-level corrected (as implemented in 

SPM12), was used to identify effects.  
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Table 3.1. ROIs for analysis of recollection and monitoring effects. Parameter estimates were 
extracted from 5 mm spheres centered on coordinates, with the exception of coordinates denoted 
with superscript 1, for which 3 mm spheres were used. Regions denoted with superscript 2 were 
included as seeds for functional connectivity analyses, although the precise coordinates of these 
seeds were defined on individual peak voxels within the main effect of monitoring in the present 
dataset for PPI analyses. 
  

Coordinates Region  
x y z 

 

Recollection ROIs 
    

 
-6 53 7 Left medial prefrontal cortex  

-27 -13 -23 Left hippocampus1  
-30 -37 -14 Left parahippocampal cortex1  
-6 -46 34 Left posterior cingulate cortex  

-54 -64 16 Left middle temporal gyrus  
-51 -70 37 Left angular gyrus  
24 -7 -23 Right hippocampus1 

Monitoring ROIs 
    

 
-48 29 25 Left dorsolateral PFC2  
9 23 43 Anterior cingulate cortex2  

51 32 22 Right dorsolateral PFC2 
 

3.2.4.2.2 Region of Interest (ROI) analyses 

 To investigate patterns of activity in regions consistently associated in prior research with 

recollection and monitoring effects, we defined regions of interest based on the age-invariant 

effects reported in de Chastelaine et al., (2016); coordinates for recollection and monitoring 

ROIs are listed in Table 3.1. We extracted parameter estimates from 5 mm spheres centered on 

each ROI coordinate, with the exception of ROIs in the medial temporal lobe, for which 3 mm 

spheres were used to avoid capturing voxels outside the anatomical structures of interest. 

Separately for recollection and monitoring ROIs, we first conducted a region x task x memory 

judgment x age group ANOVA. No interactions between ROI and task or memory judgment 

factors were identified for recollection or monitoring regions, so subsequent analyses were 

collapsed across the entire set of regions for analysis of each effect type. Parameter estimates 

were entered into 2 (task: single vs. dual) x 2 (memory judgment: intact vs. rearranged) x 2 (age 

group: younger vs. older) ANOVA models for the recollection and monitoring analyses, 
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respectively. Significant ANOVA effects were followed up with ANCOVA models controlling 

for potential confounding variables. Associative recognition performance (pR) was added to 

models for core recollection ROIs to determine whether significant age-related differences were 

attributable to differences in performance, as previously reported (de Chastelaine et al., 2016). 

Differences in RT between intact and rearranged responses were added to models for frontal 

monitoring ROIs to investigate whether frontal effects were inflated for the memory judgment 

associated with longer RTs (rearranged responses).  

 
3.2.4.2.3 Relationship between fMRI activity and associative recognition performance 

To investigate the relationship between fMRI recollection and monitoring effects and 

memory performance in each age group, multiple regression models were constructed to predict 

performance from estimates of recollection (‘Intact’ > ‘Rearranged’) and monitoring effects 

(‘Rearranged’ > ‘Intact’) extracted from the regions of interest (Table 3.1). Predictor variables 

included age group, fMRI effect (recollection or monitoring), fMRI effect x age group 

interaction, and RT differences between memory judgments. Initial regression models were 

conducted separately for single and dual task conditions, and when significant relationships 

between fMRI effects and pR were identified, we compared the partial correlation coefficients 

for single and dual task relationships using the method described by Zou (2007). After 

determining that partial correlations between fMRI effects and pR for single and dual task blocks 

did not significantly differ, we collapsed the data across task condition and constructed a single 

regression model. This was the case for all ROIs we investigated.   

 

3.2.4.2.4 Functional connectivity analysis 

 In addition to investigating the responses of individual brain regions during associative 

memory retrieval, we conducted psychophysiological interactions (PPI) analyses to investigate 

how disparate regions co-activated as a function of monitoring demand. This was accomplished 

by constructing separate GLMs for each task containing a regressor tracking the timecourse of 

the seed region of interest (the physiological variable), a regressor representing task performance 

(the psychological variable), and a third regressor modeling the interaction of these factors (the 

PPI interaction term). The method allows identification of regions where activity differentially 



 

72 

covaries with the seed region as a function of task, after separately accounting for physiological 

and task factors. To create the task vector, we coded trials of interest as 1 and -1, and all other 

trials as 0 (for analysis of monitoring effects, ‘intact’ responses were coded as -1 and 

‘rearranged’ responses were coded as 1; we did not investigate task-related functional 

connectivity for recollection effects at this time); the task vector was then convolved with the 

HRF. For the physiological vector, we extracted a representative timecourse of activity (first 

eigenvariate) from a seed region for each participant. To create the PPI interaction term, the 

timecourse of the seed region was deconvolved, multiplied by the task vector, then reconvolved 

with the HRF. Seed regions were selected based on main effects of monitoring across age groups 

in the univariate GLM. For each region of interest (the three frontal seed regions corresponding 

to the monitoring ROIs listed in Table 3.1), a 10 mm spherical mask was centered on the peak 

voxel and a 3 mm spherical seed was defined around the peak voxel for each participant. 

Initially, separate PPI analyses were conducted for single and dual task blocks. A significance 

threshold of p < .05, FWE-corrected at the cluster level (as implemented in SPM12), was applied 

to univariate and PPI results. To determine whether functional connectivity change differed as a 

function of task, first level contrasts were entered into a single second level age group x task 

condition model for each seed region, with task condition modeled as a between-subjects factor 

(following the method used by King, de Chastelaine, Elward, Wang, & Rugg, 2015, to compare 

PPI models across experiments). No main effects of age group, task condition, or age group x 

task condition interaction were identified in these models; we thus collapsed further PPI models 

across task condition for each of the three seed regions. We then entered the first level contrasts 

from each of these models into a single second level age group x seed region model to determine 

if connectivity change varied as a function of age group for any of the regions. No significant 

main effect of age group, seed region, or age group x seed region interaction was identified. We 

therefore report PPI results for each of the seed regions collapsed across age group.  
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3.3 Results 

3.3.1 Neuropsychological Tests 

 Our standard battery of neuropsychological tests revealed a similar pattern to that 

observed in experiment 1 (Table 2.1) and in prior samples of younger and older adults (e.g., de 

Chastelaine, et al., 2016). A summary of neuropsychological results is provided in Table 3.2. 

 
 
Table 3.2. Neuropsychological test scores for younger and older adults in experiment 2; mean 
scores given (SD). CVLT: California Verbal Learning Test, WTAR: Wechsler Test of Adult 
Reading, WMS: Wechsler Memory Scale (WMS-IV). Significant age group differences are 
marked with an asterisk.  
  

Younger Older Age Group 
Differences 
 (p-values) 

N 28 28 
 

Sex (M/F) 13/15 11/17 
 

Age  22.46 (3.57) 69.61 (3.14) 
 

Years of education 15.43 (2.47) 16.79 (2.22) 0.679 
Mini Mental State Exam 29.39 (0.83) 29.18 (0.98) 0.627 
CVLT short delay - Free 13.18 (1.89) 11.54 (3.12) 0.000* 
CVLT short delay - Cued 14.04 (1.86) 12.86 (2.12) 0.167 

CVLT long delay - Free 14.18 (1.89) 12.11 (2.79) 0.016* 
CVLT long delay - Cued 14.36 (1.75) 12.96 (2.13) 0.223 
CVLT Recognition - Hits 15.71 (0.53) 15.32 (0.77) 0.006* 

CVLT Recognition – False 
Positives 

0.54 (0.92) 1.79 (1.97) 0.000* 

Digit Symbol Substitution 63.32 (10.85) 49.75 (7.31) 0.030* 
Digit Span (Total) 19.79 (4.39) 18.96 (3.63) 0.333 

Trails A 19.61 (5.32) 27.62 (9.62) 0.041* 
Trails B 47.92 (15.97) 67.48 (26.95) 0.024* 

Letter Fluency (FAS) 48.21 (12.78) 49.68 (12.15) 0.639 
Category Fluency (Animals) 24.54 (5.40) 22.54 (5.25) 0.652 

WTAR (Raw) 42.21 (4.17) 44.11 (4.33) 0.877 
WMS Logical Memory I 31.36 (5.44) 29.43 (4.55) 0.773 

WMS Logical Memory II 29.96 (5.26) 25.71 (6.53) 0.359 
Raven's Prog. Matrices (List 1) 10.96 (1.14) 9.54 (2.10) 0.001* 
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3.3.2 Behavioral Results 
3.3.2.1 Associative Memory Performance 
 
Table 3.3. Mean proportions (SD) of intact, rearranged, and new responses given to intact, 
rearranged, and new test pairs for each age group by task condition. Correct responses in bold 
font.  
  

Younger  Older  
Single task Dual task Single task Dual task 

Intact responses 
    

Intact pairs 0.71 (0.15) 0.70 (0.16) 0.58 (0.16) 0.56 (0.21) 
Rearranged pairs 0.18 (0.12) 0.20 (0.11) 0.27 (0.18) 0.33 (0.19) 

New pairs 0.04 (0.05) 0.04 (0.05) 0.10 (0.09) 0.12 (0.11)      

Rearranged 
responses 

    

Intact pairs 0.17 (0.09) 0.18 (0.12) 0.28 (0.13) 0.27 (0.15) 
Rearranged pairs 0.56 (0.14) 0.57 (0.13) 0.45 (0.16) 0.37 (0.15) 

New pairs 0.22 (0.14) 0.22 (0.13) 0.28 (0.12) 0.27 (0.16)      

New responses 
    

Intact pairs 0.12 (0.09) 0.12 (0.07) 0.14 (0.06) 0.17 (0.10) 
Rearranged pairs 0.26 (0.12) 0.23 (0.09) 0.29 (0.14) 0.30 (0.15) 

New pairs 0.74 (0.15) 0.73 (0.16) 0.62 (0.16) 0.61 (0.19) 
 
 
 Consistent with the oft-reported decline in associative memory throughout the adult 

lifespan (section 1.2), older adults’ associative memory performance (pR) was significantly 

lower than that of younger adults, in both the single and dual task conditions (see Figure 3.2). 

The ANOVA of pR estimates identified main effects of task (F1,54 = 11.88, partial η2 = 0.18, p 

< .001) and age group (F1,54 = 35.32, partial η2 = 0.40, p < .0001). Despite the absence of a task 

condition x age group interaction, we went to test the effects of task in each age group 

separately, given our a priori prediction that these effects should differ in the two groups (see 

section 3.1.1). Consistent with the prediction, paired sample t-tests indicated that younger adults’ 

associative memory performance did not significantly differ by task condition (t27 = 1.59, p = 

.12), whereas older adults’ associative memory performance was lower in the dual task condition 

(t27 = 3.14, p < .005). Also in line with our predictions, older adults’ false alarm rates were 
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elevated in the dual task condition (t27 = 2.54, p = .02) while there were no significant 

differences between conditions in younger adults’ false alarm rates (t27 = 1.07, p = .29). Test 

responses to intact, rearranged, and new pairs are listed in Table 3.3 for each task condition.  

 

 
Figure 3.2. Mean associative memory performance (pR) by age group and task condition. pR is 
calculated as the proportion of associative hits – associative false alarms (intact responses to 
intact pairs – intact responses to rearranged pairs). Error bars represent standard error of the 
mean. Associative recognition performance significantly differed between younger and older 
adults (p < .001) and between single and dual task in older adults (p < .005).   
 
 

3.3.2.2 Associative Memory RT 

 The ANOVA model contrasting mean RTs for the critical trial types included in the fMRI 

analyses (’intact’ vs. ’rearranged’ responses) identified main effects of task (F1,54 = 15.99, 

partial η2 = 0.23, p < .0001), memory judgment (F1,54 = 200.10, partial η2 = 0.79, p < .0001), 

and an age group x memory judgment interaction (F1,54 = 7.97, partial η2 = 0.13, p = .007). For 

both age groups, mean RTs to ‘intact’ responses were faster than those to ‘rearranged’ responses, 

and mean RTs for both age groups for both response types were faster during dual task blocks. 

Independent sample t-tests (equal variance not assumed) confirmed that the age group x memory 

judgment interaction reflected slower RTs for ‘intact’ responses in older adults in both task 

conditions (single task: t53.76 = 2.11, p < .05, dual task: t53.88 = 2.19, p < .05), in the absence 

of an age difference in RTs for ‘rearranged’ responses (single task: t51.96 = 0.03, p = .97, dual 

task: t51.44 = 0.21, p = .83). Mean RTs are listed in Table 3.4.  
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Table 3.4. Mean RT (SD) for the associative memory task by age group and critical trial types 
for fMRI analyses. Intact: intact responses to intact pairs (associative hits), Rearranged: 
rearranged responses to intact or rearranged pairs (associative misses and associative correct 
rejections). 
  

Younger Older 
 

Single task Dual task Single task Dual task 

Intact 1608 (311) 1546 (294) 1790 (333) 1716 (308) 

Rearranged 2131 (424) 2028 (407) 2128 (347) 2049 (325) 

 
 
3.3.2.4 Secondary task performance 
 
Table 3.5. Performance on the tone detection task (SD). At left, tone detection accuracy. At 
right, mean RT to target tones during baseline (practice session for tone task) and dual task 
blocks of test phase.  
  

Hit - FA (tones) Mean RT to target tones  
Baseline Dual task Baseline Dual task 

Younger 0.99 (0.02) 0.90 (0.13) 451 (97) 709 (157) 
Older 0.99 (0.01) 0.85 (0.17) 486 (77) 816 (118) 

 
 
 Baseline performance on the tone detection task (measured during a tone-only practice 

phase) was at ceiling for both groups. The ANOVA model identified a main effect of task (F1,54 

= 35.13, partial η2 = 0.39, p < .0001), but no effects of age group (F1,54 = 1.36, p = .25) or an 

age group x task interaction (F1,54 = 1.48, p = .23). These results indicate that, consistent with 

our expectations, tone detection performance during dual task blocks was significantly lower for 

both groups. The ANOVA of mean RTs to target tones identified main effects of task (F1,54 = 

386.01, partial η2 = 0.88, p < .001) and age group (F1,54 = 6.80, partial η2 = 0.11, p = .01), as 

well as an age group x task interaction (F1,54 = 5.74, partial η2 = 0.10, p = .02). As expected, 

both groups were slower to respond to target tones under dual task conditions, relative to 

baseline RT. Independent sample t-tests on the mean RT to target tones for baseline (tone 

practice phase) and dual task revealed that older adults were significantly slower to respond to 

target tones than younger adults under dual task conditions (t50.08 = 2.88, p = .006) but not 
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when tone detection was the only task (t51.23 = 1.50, p = .14). Secondary task performance is 

summarized in Table 3.5.  

 

3.3.3 fMRI Results 

3.3.3.1 Whole-brain univariate effects 

 At the whole-brain level, no clusters demonstrating an age group x task condition x 

memory judgment (‘intact’ vs ‘rearranged’) interaction were identified. We did identify a main 

effect of task condition, whereby activity in regions throughout the brain was greater during dual 

relative to single task blocks, most notably in bilateral temporo-parietal cortex, likely 

representative of auditory processing due to the requirement to attend to tones, and in the 

precuneus and bilateral middle frontal gyrus (Figure 3.3). We do not wish to over-interpret these 

results, but they are likely related to the overall increased difficulty of the dual relative to single 

task condition. A small cluster demonstrating an age x task condition interaction was identified 

in right parahippocampal cortex (not illustrated), but this effect did not vary by memory 

judgment, and no other regions demonstrated such an interaction. We did not locate any clusters 

where activity was greater during single task blocks.  

 

 
Figure 3.3. Main effect of task condition (dual > single task), collapsed across age group. 
Cortical effects are displayed on an inflated brain (top) and on the sample-specific T1 template 
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(bottom) at p < .001, uncorrected, with a 100-voxel extent threshold. The effects shown here 
survived FWE cluster-level correction (as implemented in SPM12).   
 
 
3.3.3.2 Recollection effects  

 The pattern of recollection effects during the test phase closely resembled the recollection 

effects reported by de Chastelaine et al. (2016). Recollection effects (‘Intact’ > ‘Rearranged’) are 

displayed in Figure 3.4a, collapsed across the factors of age group and task condition. Core 

recollection network regions (Rugg & Vilberg, 2013) are well-represented in these effects. 

Below, results obtained from analysis of parameter estimates in core recollection ROIs (Table 

3.1) are described (see section 3.2.4.2.2 for details about how ROIs were obtained).  

 
3.3.3.2.1 ROI Analysis 
 
Table 3.6. ANOVA results for ROI analysis of recollection effects (‘intact’ > ‘rearranged’). 
Significant effects in bold font. Group (younger, older), Region (L mPFC, L Hipp, L PHC, L 
PCC, L MTG, L Ang, R Hipp), Task (single, dual), Memory Judgment (Intact, Rearranged). All 
ROI coordinates were taken from an independent dataset (de Chastelaine et al, 2016).  
 

Effect df F partial η2 p-value 

Group 1, 54 13.64 0.20 0.001 
Region 4.42, 238.66 34.18 0.39 0.000 

Task 1, 54 2.12 0.04 0.151 
Memory Judgment (Mem) 1, 54 81.35 0.60 0.000 

Region x Group 4.42, 238.66 8.19 0.13 0.000 
Task x Group 1, 54 3.94 0.07 0.052 

Mem x Group 1, 54 11.34 0.17 0.001 
Region x Task 4.42, 238.83 3.10 0.05 0.013 
Region x Mem 4.32, 233.30 6.71 0.11 0.000 

Task x Mem 1, 54 11.35 0.17 0.001 
Region x Task x Group 4.42, 238.83 0.40 0.01 0.828 
Region x Mem x Group 4.32, 233.30 1.68 0.03 0.150 

Task x Mem x Group 1, 54 0.03 0.00 0.873 
Region x Task x Mem 4.30, 232.26 0.77 0.01 0.553 

Region x Task x Mem x Group 4.30, 232.26 0.47 0.01 0.768 
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 Parameter estimates from the individual core recollection network ROIs listed in Table 

3.1 are depicted in Figure 3.4c. Results from the group x region x task x memory judgment 

ANOVA are given in Table 3.6. Main effects of region and memory judgment were identified, 

indicating that mean activity varied across ROIs and that successful recollection was associated 

with greater activity than unsuccessful recollection across ROIs and age groups (as expected). 

Region and memory judgment separately interacted with group; activity in some regions was 

greater for younger relative to older adults and recollection effects were overall larger in younger 

adults. Region and memory judgment also separately interacted with task, indicating that task-

related differences were found in some regions and that recollection effects were smaller in the 

dual task condition. Finally, a region x memory judgment interaction indicated that the 

magnitude of recollection effects varied by region. Because no three- or four-way interactions 

involving region and other factors were identified, subsequent analyses were collapsed across the 

factor of region. Parameter estimates collapsed across core recollection ROIs are illustrated in 

Figure 3.4b. Because no main effect of task or interaction between task and age group were 

identified in the initial ANOVA (Table 3.6), parameter estimates were collapsed across task 

condition and entered into a group x memory judgment ANOVA. Main effects of age group 

(F1,54 = 13.64, partial η2 = 0.20, p = .001), memory judgment (F1,54 = 81.35, partial η2 = 0.60, 

p = .000), and an interaction between age group x memory judgment (F1,54 = 11.34, partial η2 = 

0.17, p = .001) were identified, indicating that recollection effects were smaller for older relative 

to younger adults, suggesting age-related differences. However, when we controlled for 

associative recognition performance, the main effect of memory judgment (p = .11) and the age 

group x memory judgment interaction (p = .13) did not survive, although a main effect of age 

group did (F1,53 = 7.88, partial η2 = 0.13, p = .007). This finding is consistent with prior results 

indicating that age-related differences in the magnitude of recollection effects (indicated here by 

the age group x memory judgment interaction) are at least partially mediated by the difference in 

memory performance between younger and older adults (de Chastelaine et al., 2016).  

 To follow up on the task x memory judgment interaction identified in the initial ANOVA 

on recollection ROIs (Table 3.6), we entered parameter estimates for recollection effects (‘intact’ 

– ‘rearranged’ responses averaged across age group and core recollection ROIs) into a single vs 
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dual task ANOVA. There was a significant effect of task on recollection effects (F1,54 = 11.35, 

partial η2 = 0.17, p = .001), indicating that recollection effects were smaller under dual relative to 

single task conditions across age groups. This effect remained significant after controlling for 

associative recognition performance in single and dual task (F1,52 = 5.90, partial η2 = 0.10, p = 

.02).  

 

 
Figure 3.4. A) Main effect of recollection (collapsing across task and age group) for experiment 
2. At top left, cortical effects are displayed on an inflated brain and hippocampal effects are 
displayed on the sample-specific group T1 template at p < .05, FWE-corrected. B) Mean 
parameter estimates across the 7 core recollection ROIs identified in de Chastelaine et al. (2016). 
Recollection effects are displayed as the difference in BOLD signal between intact responses – 
rearranged responses. C) Mean parameter estimates for each of the core recollection ROIs 
individually. BOLD signal change is depicted in arbitrary units, and each graph is on a common 
scale (bottom right).   
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3.3.3.2.2 Relationship between fMRI recollection effects and associative recognition 

performance 

 Parameter estimates for the recollection effects extracted from each of the seven ROIs 

were entered into across-subjects multiple regression analyses as predictor variables (along with 

age group, RT differences, and the interaction between recollection effect and age group) to 

determine whether the magnitude of recollection effects predicted associative memory 

performance. We did not find a significant relationship between recollection effects and 

associative memory performance for any of the regions investigated.  

 

3.3.3.3 Monitoring Effects  

 As was the case with recollection effects, fMRI retrieval monitoring effects were 

strikingly similar to the findings reported by de Chastelaine et al., (2016); monitoring effects 

from this study are depicted in Figure 1.7. Figure 3.5a illustrates the main effect of monitoring 

(associative misses and associative correct rejections – associative hits) in experiment 2.  

 

 
Figure 3.5. A) Main effect of monitoring (collapsing across task and age group) for experiment 
2. At top left, cortical effects are displayed on an inflated brain at p < .05, FWE-corrected.        



 

82 

B) Mean parameter estimates across the 3 frontal monitoring ROIs identified in de Chastelaine et 
al. (2016). Monitoring effects are displayed as the difference in BOLD signal between 
rearranged responses – intact responses. C) Mean parameter estimates for each of the frontal 
monitoring ROIs individually. BOLD signal change is depicted in arbitrary units, and each graph 
is on a common scale (bottom right).   
 
3.3.3.3.1 ROI Analysis 
 
Table 3.7. ANOVA results for ROI analysis of monitoring effects (‘Rearranged’ > ‘Intact’). 
Significant effects in bold font. Group (younger, older), Region (ACC, Left DLPFC, Right 
DLPFC), Task (single, dual), Memory Judgment (‘Intact’, ‘Rearranged’). All ROI coordinates 
were taken from an independent dataset (de Chastelaine et al, 2016). 
 

 
 Parameter estimates taken from the prefrontal monitoring ROIs listed in Table 3.1 are 

depicted in Figure 3.5c. Results from the group x region x task x memory judgment ANOVA are 

given in Table 3.7. Main effects of region, task, and memory judgment were identified, 

indicating that overall activity levels varied by region, activity was greater for single relative to 

dual task overall, and that unsuccessful recollection was associated with greater activity relative 

to successful recollection. Region and memory judgment separately interacted with group, 

indicating that the pattern of overall activity in each region varied by age group, and that 

Effect df F partial η2 p-value 

Group 1, 54 1.43 0.03 0.238 

Region 1.56, 84.01 13.81 0.20 0.000 

Task 1, 54 3.89 0.07 0.050 

Memory Judgment (Mem) 1, 54 48.65 0.47 0.000 

Region x Group 1.56, 84.01 5.86 0.10 0.008 

Task x Group 1, 54 0.04 0.00 0.835 

Mem x Group 1, 54 4.38 0.08 0.041 

Region x Task 1.84, 99.33 2.14 0.04 0.128 

Region x Mem 1.89, 101.85 0.47 0.01 0.615 

Task x Mem 1, 54 0.03 0.00 0.856 

Region x Task x Group 1.84, 99.33 0.13 0.00 0.865 

Region x Mem x Group 1.89, 101.85 1.89 0.03 0.159 

Task x Mem x Group 1, 54 5.90 0.10 0.019 

Region x Task x Mem 1.73, 93.21 0.06 0.00 0.924 

Region x Task x Mem x Group 1.73, 93.21 0.23 0.00 0.764 
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monitoring effects were overall larger in younger adults. A task x memory x group interaction 

indicated that monitoring effects differed in younger and older adults as a function of task 

condition. Because no three- or four-way interactions involving region and other factors were 

identified, subsequent analyses were collapsed across the factor of region. ANOVA of the mean 

parameter estimates (collapsed across the three frontal ROIs depicted in Figure 3.5b) identified a 

main effect of memory judgment (F1,54 = 48.65, partial η2 = 0.47, p < .0001), a memory 

judgment x age group interaction (F1,54 = 4.38, partial η2 = 0.08, p = .04), and a task x memory 

judgment x age group interaction (F1,54 = 5.90, partial η2 = 0.10, p = .02). The three-way 

interaction remained significant when controlling for RT differences between intact and 

rearranged responses (F1,52 = 4.56, partial η2 = 0.08, p = .04). Follow-up ANOVAs conducted 

within each group identified a main effect of memory judgment (F1,27 = 36.69, partial η2 = 0.58, 

p < .0001) and a task x memory judgment interaction (F1,27 = 4.68, partial η2 = 0.15, p = .04). 

These results reflected smaller monitoring effects for the dual task condition, in younger adults, 

and a main effect of memory judgment (F1,27 = 13.55, partial η2 = 0.33, p = .001) but no task x 

memory judgment interaction (p = .17) in older adults (see Figure 3.5b). Monitoring effects did 

not significantly differ by task condition. Single task monitoring effects were significantly lower 

for older relative to younger adults (t54 = 3.23, p = .002) but there was no difference in 

monitoring effects for the dual task condition (t54 = 0.48, p = .633).  

 

3.3.3.3.2 Relationship between fMRI monitoring effects and associative recognition 

performance 

 We computed a multiple linear regression model to predict associative recognition 

performance, with age group, fMRI monitoring effect, RT difference between ‘intact’ and 

‘rearranged’ responses, and the interaction between group and monitoring effect as predictor 

variables; the overall model fit was significant (F4,51 = 19.54, adjusted R2 = 0.57, p = .000). 

Consistent with prior findings (de Chastelaine et al., 2016; Wang et al., 2015), there was an age-

invariant relationship between the magnitude of the frontal monitoring effects (collapsed across 

ACC and bilateral DLPFC regions) and associative memory performance (see Figure 3.6 and 

Table 3.8). Regression models for single and dual task effects were both significant (single task: 



 

84 

F4,51 = 11.16, adjusted R2 = 0.43, p = .000; dual task: F4,51 = 17.68, adjusted R2 = 0.55, p = 

.000). The relationship between pR and monitoring effects was significant for each task, 

controlling for group, RT differences, and the interaction between group and monitoring effects 

(single task: partial r = 0.35, p = .011; dual task: partial r = 0.38, p = .005). However, using the 

method of Zou (2007), the correlation coefficients for the relationship in single and dual task did 

not reliably differ. We therefore report effects collapsed across the single and dual tasks and 

across groups, as the group x monitoring interaction for this model was not significant (Table 

3.8). 

 

 
Figure 3.6. Relationship between monitoring effects and associative memory performance in 
experiment 2 (collapsed across age group and task condition). The model controlled for age 
group, and RT difference between intact and rearranged responses.  
 
 
Table 3.8. Results of the across-group regression model predicting associative memory 
performance in experiment 2. b: unstandardized coefficient; SE b: standard error of the 
unstandardized coefficient; β: standardized coefficient.  
 

Model b SE b β Partial r p-value 
Constant 0.30 0.05 

  
0.000 

Age group -0.13 0.05 -0.33 -0.34 0.014 
Monitoring effect 0.08 0.03 0.42 0.42 0.002 

RT difference 0.00 0.00 0.27 0.35 0.011 
Group x monitoring effect -0.06 0.04 -0.20 -0.21 0.138 
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3.3.3.3.3 Functional Connectivity 

 Separate PPI models were constructed for each of the three frontal seed regions 

demonstrating a main effect of monitoring in the univariate analysis, as described in section 

3.2.4.2.4. We first determined that the separate single and dual task models did not differ from 

one another by constructing age group x task condition models for each of the seed regions. We 

next determined that connectivity change did not vary by age group by constructing an age group 

x seed region model collapsed across task condition. Therefore, we collapsed PPI analyses for 

each of the three seed regions across age group and task condition (these procedures are 

described in section 3.2.4.2.4). For all three seeds, robust monitoring-related connectivity 

increases with bilateral occipital cortex were observed. For the left and right dorsolateral PFC 

seeds, increased connectivity with left intraparietal sulcus (IPS) was also observed. This effect 

should be interpreted with caution, as the left IPS cluster did not survive FWE correction; 

however, the same cluster was identified in two independent models, which reduces the 

likelihood that the effect was a type 1 error.  Results are summarized in Figure 3.7 and Table 3.9.  

 

 
Figure 3.7. Regions where functional connectivity increased with frontal seed regions as a 
function of monitoring demand (‘rearranged’ > ‘intact’ responses). A) Bilateral occipital cortex 
(results inclusively masked across ACC, left DLPFC, and right DLPFC seeds) B) Left IPS 
(results inclusively masked across left and right DLPFC seeds). Results are shown on the 
sample-specific T1 template at p < .001, uncorrected, with a 50-voxel cluster extent threshold for 
display purposes (see section 3.2.4.2.4 for details about significance threshold).  
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Table 3.9. Regions demonstrating monitoring-related increase in functional connectivity with 
three frontal seed regions, across task condition and age group.  
 

Seed 
Region 

Coordinates Peak Z 
# of above-
threshold 

voxels 
Region 

 x y z   
 

ACC      
 

 -21 -100 -1 4.49 174 Left occipital cortex 
 15 -100 -7 5.23 250 Right occipital cortex 

LDLPFC      
 

 -39 -88 -16 5.09 551 Left occipital cortex 
 33 -88 -13 5.47 564 Right occipital cortex 
 -30 -70 41 3.76 74 Left IPS 

RDLPFC      
 

 -21 -100 -4 5.23 366 Left occipital cortex 
 21 -97 -1 6.03 774 Right occipital cortex  

-30 -70 44 3.95 75 Left IPS 
 
 
3.4 Discussion  

3.4.1 Behavioral results 

 The patterns of behavioral results for the associative memory and tone detection tasks 

were consistent with our predictions. Secondary task performance decreased under dual task 

conditions for both age groups, and older adults were disproportionately affected by the task 

manipulation in both associative memory performance and response time to target tones for the 

secondary task, relative to younger adults. Younger adults’ associative memory performance was 

not significantly affected by the dual task manipulation. 

 

3.4.1.1 Associative memory performance 

 In line with prior findings (Craik et al., 2000; Naveh-Benjamin et al., 2005), participants 

were able to engage in a secondary tone detection task during associative retrieval. We 

deliberately selected a secondary task that was unlikely to compete for task-specific cognitive 

resources (Fernandes & Moscovitch, 2003; Uncapher & Rugg, 2007), but rather was likely to 

rely upon domain-general control and attentional processes. Our goal was to selectively interfere 

with participants’ ability to engage in post-retrieval monitoring, a process thought to be 
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supported by generic control processes rather than specialized episodic retrieval processes 

(Hayama et al., 2008). The pattern of behavioral results we obtained is consistent with our 

prediction that older adults’ associative memory performance would suffer disproportionately 

under dual task conditions because they have a smaller reserve of domain-general resources to 

draw upon, relative to younger adults. Specifically, we predicted that a disruption of monitoring 

processes during retrieval would be reflected by an increase in associative false alarms 

(rearranged pairs incorrectly judged intact), which is precisely the pattern we observed in older, 

but not younger adults.  

 Response time for the associative memory task was affected by the dual task 

manipulation to a similar degree for both age groups, but contrary to our expectations, 

participants’ associative memory judgments were significantly faster under dual task conditions 

(to the same degree for ‘intact’ and ‘rearranged’ responses). A prior report from a study where 

participants performed a continuous reaction time task during associative recognition indicated 

that associative memory increased RT under dual task demands (Craik et al., 2018). However, 

this study differed from ours in two key respects: the retrieval and secondary tasks were both 

visual in nature and thus competed for a common pool of sensory resources (the secondary task 

was presented on a separate monitor above the memory task), and responses were self-paced, 

allowing participants to trade off speed and accuracy in a straightforward manner. Consistent 

with the present results, the RT cost in Craik et al. (2018) for the secondary task was greater than 

for the memory task. Although the finding of faster dual task RTs for the memory task in 

experiment 2 was unexpected, it suggests that participants may have spent less time holding 

retrieved information in mind (consistent with faster ‘intact’ responses observed here), as well as 

a decrease in the engagement of monitoring (consistent with faster ‘rearranged’ responses) when 

secondary task requirements were present.  

 We also observed an age group by memory judgment interaction in associative memory 

RT, whereby ‘intact’ responses were slower for older relative to younger adults for both task 

conditions, while RT for ‘rearranged’ responses did not differ by age group. This interaction may 

reflect a disproportionate attenuation in monitoring of word pairs judged ‘rearranged’ by older 

adults, as the RT difference between ‘intact’ and ‘rearranged’ responses was thus smaller in this 



 

88 

age group. However, this finding may also be regarded as increased monitoring of word pairs 

judged ‘intact’, rather than decreased monitoring of pairs judged ‘rearranged’ by older adults. If 

this is the case, the smaller RT difference in older adults may indicate that recollection, rather 

than monitoring, processes were disproportionately affected in the older age group, resulting in 

additional engagement of monitoring processes as an attempt to compensate for the reduction in 

recollection. Consistent with this view, older adults’ monitoring effects were numerically greater 

during dual relative to single task blocks, although this difference did not reach significance. We 

are thus cautious about over-interpreting this finding, but we note that it is worth taking RT into 

account when interpreting the fMRI results.    

 

3.4.1.2 Secondary task performance 

 Baseline performance on the secondary tone detection task was at ceiling for both age 

groups and decreased significantly during dual task blocks. There was no interaction between 

age group and accuracy by task condition. RT to target tones was significantly slower during 

dual task blocks for both age groups, and there was an interaction effect, indicating that the RT 

cost for the secondary task was larger for older relative to younger adults (Table 3.5).  

 

3.4.2 fMRI results 

 Whereas the behavioral results were largely as we expected, with the exception of the 

associative memory RT findings, the pattern of fMRI results we obtained in experiment 2 were 

not entirely in line with our predictions. In younger adults, dual task requirements were 

associated with a reduction in both recollection and monitoring effects across our independently 

defined ROIs, although associative memory performance was not affected. In older adults, 

recollection effects were reduced to a similar degree as they were in younger adults (after 

controlling for performance), but monitoring effects were attenuated relative to younger adults in 

the single task condition and were not further modulated during dual task blocks. We interpret 

the attenuated fMRI effects as consistent with the CRUNCH model, in that both age groups 

reached a ‘crunch point’ associated with increased task demand. The discrepancy in older adults 

from the predicted pattern of activity under single and dual task conditions for monitoring effects 
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was likely because the task demands exceeded our expectations. The presence of the tones was 

apparently sufficient to reduce older adults’ available resources to the point of attenuating their 

monitoring effects, relative to those of the younger subjects, even during single task blocks, 

while dual task requirements were sufficient to attenuate monitoring effects in younger adults. 

The magnitude of recollection effects was smaller under dual task conditions for both age 

groups, which we interpret as evidence that participants spent less time holding retrieved 

information in mind while performing dual tasks. Below, we discuss these findings and their 

implications in greater detail.  

 

3.4.2.1 Recollection 

 Recollection effects (‘intact’ > ‘rearranged’ responses) in a set of core recollection ROIs 

taken from an independent dataset (Table 3.1) were attenuated in the dual relative to the single 

task condition. Initial ANOVA results included an age group x memory judgment interaction, 

indicating that older adults’ recollection effects were attenuated relative to younger adults, but 

controlling for associative recognition performance (pR) eliminated this interaction. This finding 

is consistent with prior reports of age-invariant recollection effects after controlling for the effect 

of memory performance (de Chastelaine et al., 2016; Dulas & Duarte, 2012; Wang et al., 2015) 

or when performance was equated for younger and older adults (Duarte et al., 2008; Dulas & 

Duarte, 2016; Wang & Giovanello, 2016). Recollection-related activity in older adults was thus 

equivalent in magnitude to the activity that would be expected for younger adults with the same 

level of associative recognition performance.  

  The decrease in recollection effects for dual relative to single task may indicate that 

participants spent less time holding retrieved information in mind under dual task conditions. 

The small but significant decrease in RT during dual task blocks for both groups is consistent 

with this interpretation, suggesting that participants adjusted their response deadline and 

responded more quickly in the dual task condition, presumably due to the need to switch 

attention between the two tasks. We note that we did not restrict the amount of time available for 

the associative retrieval task during dual task blocks. The rate of presentation for word pairs and 

tones was equivalent for single and dual task blocks, and the timing of the associative 
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recognition task was identical throughout the test phase. We also note that it cannot be 

unambiguously determined whether decreased BOLD signal is related to the amplitude or 

duration of the underlying neural activity. To this point, regions implicated in retrieval have been 

associated with transient (parahippocampal gyrus/hippocampus, retrosplenial cortex) or 

sustained (left inferior temporal gyrus, left IPS, left angular gyrus) recollection effects (Vilberg 

& Rugg, 2012), suggesting that at least in some cases the duration of recollection-related 

processing can be modulated. To determine whether the difference in recollection effects 

between task conditions in the present dataset was driven solely by RT, we constructed an 

ANCOVA controlling for RT differences between single and dual task for ‘intact’ and 

‘rearranged’ responses. The effect of task condition remained significant (F1,52 = 11.24, partial 

η2 = 0.18, p = .001), indicating that the attenuation of recollection effects under dual task 

conditions was not merely an artifact of the faster RTs, although we do not know from the 

available evidence the precise contribution of RT to this effect.  

 Although fMRI recollection effects in both groups were attenuated in the tone detection 

condition, there was no significant drop in associative recognition performance for younger 

adults. One possible explanation for the discrepancy in performance for younger and older adults 

is that while the availability of attentional resources for pre-retrieval, retrieval, and post-retrieval 

processes was reduced to a similar degree in both age groups, younger adults simply have more 

‘slack’ in the system. By this view, younger participants were able to speed up retrieval 

processes without taking a hit to associative memory performance, whereas individuals in the 

older age group were not. We make the assumption that, although participants were instructed to 

respond as quickly as possible, during single task they responded more slowly than needed 

(given their accuracy). During dual task, people were incentivized to respond more quickly due 

to the need to reorient attention between memory and tone tasks. In older adults, this speeding of 

associative memory responses led to a truncation of monitoring processes, as demonstrated by 

the increased false alarm rate associated with dual task memory performance in older adults, 

whereas the rates of hits and correct rejections were unaffected (Table 3.3).   

 We investigated the relationship between recollection effects across core recollection 

regions and associative recognition performance (pR) across participants, controlling for the 
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effects of group, group x recollection effect interaction, and RT difference between ‘intact’ and 

‘rearranged’ responses. We did not find a significant relationship between recollection effects 

across core recollection regions and associative memory performance. Prior evidence on this 

relationship across the adult lifespan has been mixed. Wang et al. (2015) also did not identify a 

relationship between recollection-related fMRI activity and memory performance in a sample of 

younger and older adults (there was some evidence that hippocampal activity was related to 

performance, but this effect did not survive correction for multiple comparisons). On the other 

hand, de Chastelaine et al. (2016) reported a significant positive relationship between 

recollection effects and associative memory performance in medial PFC and right hippocampus 

across younger, middle-aged, and older adults. Although we hesitate to over-interpret a null 

result, it is possible that the addition of the task manipulation to the present experiment was 

responsible for the lack of relationship between univariate recollection effects and performance, 

or alternatively that the relationship existed but was comparatively weak, and we did not have 

the power to detect it.   

 

3.4.2.2 Post-retrieval monitoring 

 Monitoring effects (‘rearranged’ > ‘intact’ responses) in frontal cortex showed a different 

pattern of modulation by task condition in the two age groups. In younger adults, monitoring 

effects were attenuated in the dual relative to single task condition, similar to the decrease in 

their recollection effects. Older adults’ monitoring effects were smaller in the single task 

condition than were the corresponding effects in younger adults, but the effects in the older 

group were not significantly modulated by task condition (although numerically greater in the 

dual relative to single task condition). The magnitude of monitoring effects during dual task 

blocks did not significantly differ between age groups.  

 The attenuation of monitoring-related activity under dual task conditions in younger 

adults was more akin to the pattern we had predicted would be observed in older adults (section 

3.1.2). Although we did not anticipate this finding, it is arguably consistent with a CRUNCH 

model interpretation of frontal monitoring effects (Reuter-Lorenz & Cappell, 2008). Although 

associative recognition performance was not affected by the task manipulation in younger adults, 
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it appears that the demands of the dual task condition were sufficient to deplete frontal neural 

resources that might otherwise have contributed to post-retrieval monitoring in these individuals. 

In the case of older adults, the demand of ignoring tones during the single task condition 

apparently sufficed to divert frontal neural resources away from monitoring, as indicated by the 

lower magnitude of the monitoring effect in older relative to younger adults. This interpretation 

is consistent with evidence that inhibitory control declines with age (Hasher & Zacks, 1988; 

Hasher, Zacks, & May, 1999), and thus older adults are more susceptible to the effects of 

distraction than younger adults (Wais & Gazzaley, 2014). Although older adults’ monitoring 

effects were numerically greater for the dual task condition, the difference between single and 

dual task monitoring effects in this age group did not reach significance. The lack of modulation 

of monitoring effects in older adults by task condition suggests that since a resource limit was 

presumably reached for the single task condition, no further modulation of monitoring effects 

occurred when task demands further increased during the dual task condition (Reuter-Lorenz & 

Cappell, 2008; for review see Cabeza et al., 2018).  

 In line with our behavioral predictions (section 3.1.1), older adults demonstrated a 

selective increase in false alarms under dual task conditions, suggesting that the task 

manipulation disrupted post-retrieval monitoring in this age group. However, this behavioral 

effect was not accompanied by a reduction in monitoring effects for dual relative to single task 

blocks (although there was a trend toward an interaction with age group, suggesting a possible 

breakdown in the relationship between monitoring activity and performance in older adults; 

further research would be required to establish the reliability of such an effect). It is possible that 

the effect of the task manipulation on this relationship was too weak for us to detect 

unambiguously without a larger sample size. One possibility is that prefrontal monitoring effects 

represent activity supporting performance of both the associative retrieval and tone detection 

tasks. If monitoring is supported by generic control processes, as has been suggested (Hayama et 

al., 2008), then the secondary task should draw upon a common pool of resources. Consistent 

with this view, the regions where monitoring effects were identified are also considered members 

of the fronto-parietal (in the case of the lateral DLPFC) and cingulo-opercular (in the case of the 

ACC) networks, which have been implicated in generic control processes supporting 
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coordination of activity in service of task demands (section 1.2.2; Cocchi et al, 2013). Although 

the present design does not allow us to test this directly, it is possible that prefrontal activity is 

allocated toward associative memory and tone detection performance to a varying degree in 

younger and older adults under dual task conditions.    

 Consistent with prior reports (de Chastelaine et al., 2016; Wang et al., 2015), prefrontal 

monitoring effects (collapsing across region and task condition) were positively correlated with 

associative recognition performance across age groups. This replication of the prior findings is 

striking given that task demands in the present experiment were apparently greater than in the 

associative retrieval task of de Chastelaine et al., 2016, which was identical to experiment 2 aside 

from the addition of the tones and dual task requirements, at least for the older age group. The 

identification of an age-invariant relationship between frontal monitoring-related activity and 

performance suggests that even as task demands increase, at least some aspects of retrieval-

related processing supported by frontal regions is resistant to advancing age. However, younger 

adults’ associative memory performance did not decrease with the magnitude of monitoring 

effects; how do we reconcile this finding with that of an age-invariant relationship between 

monitoring effects and performance? Similar to the argument put forward for the dissociation 

between recollection effects and memory performance in younger adults (section 3.4.2.1), it is 

possible that younger adults simply have more ‘slack’ in the system. Evidence points to age-

related decline in executive processes (section 1.2.2; for review see Grady, 2012) that may 

contribute to the inability of older adults in the present study to maintain performance under 

conditions of distraction and greater task demand. Therefore, even when older adults are 

engaging prefrontal regions and control networks associated with monitoring to a similar extent 

as younger adults (as was the case in the dual task condition), these processes may not be as 

efficient for older individuals. It has also been reported that older adults have a smaller dynamic 

range of BOLD signal modulation in response to task demands (Kennedy et al., 2017), a factor 

that could have contributed to the relative lack of modulation in monitoring effects between 

single and dual task observed in the present sample of older adults.   

 Increased functional connectivity between seed regions in ACC and bilateral DLPFC and 

other cortical regions was also observed during retrieval for memory judgments associated with 
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increased monitoring load, as operationalized here (‘rearranged’ relative to ‘intact’ responses). 

Notably, robust increases in connectivity with all three frontal seed regions were identified in 

bilateral occipital cortex, where recollection-related connectivity increases with core recollection 

regions have also been reported throughout the adult lifespan (King et al., 2018; section 1.4.2.1). 

Increased functional connectivity was additionally observed between bilateral DLPFC seeds and 

left IPS, a region considered to be part of the fronto-parietal control network that has been 

implicated in online coordination of task demands (Cocchi et al, 2013). Left IPS has also been 

reported to demonstrate increased connectivity with core recollection regions (King et al., 2018). 

The consistency with which these regions (bilateral occipital cortex and left IPS) have 

demonstrated task-related connectivity with regions implicated in recollection and monitoring, 

respectively, strengthens the conclusion that BOLD signal increases in frontal regions are (at 

least to some extent) related to monitoring of recollected information. Similarly, the 

identification of increased connectivity between left IPS and lateral DLPFC regions is consistent 

with the interpretation that the fronto-parietal network is engaged in coordination of task 

demands on a trial-by-trial basis (Cocchi et al, 2013). Notably, our finding that functional 

connectivity did not differ by age group is in agreement with prior results (King et al., 2018) 

demonstrating a consistent pattern of retrieval-related functional connectivity across age groups. 

Intriguingly, King et al. (2018) did note that the relationship between the magnitude of retrieval-

related connectivity change and memory performance weakened with age. This finding appears 

to be consistent with the finding that older adults do not dynamically modulate BOLD activity to 

the extent that younger adults do (Kennedy et al., 2017) and with the trend of a breakdown in the 

relationship between monitoring-related activity and performance under increased task demands 

in our own data.   

 

3.4.2.3 Limitations 

 We note that there are several limitations to the design of experiment 2 that may 

compromise interpretation of the results. First, we did not include either a true single task 

condition (without tones) or a more difficult tone detection task (e.g., one-back task). Inclusion 

of these conditions may have allowed us to match memory performance under dual task 
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conditions (easy tone task for older adults vs. difficult tone task for younger adults). Further 

research involving a wider range of task demands in younger and older adults may help elucidate 

open questions regarding younger and older adults’ ability to resist distraction and modulate 

frontal regions and control networks over a range of task demands. In particular, inclusion of a 

true single task associative recognition phase would provide a better baseline against which to 

measure effects of task demand in both age groups. In this condition, we would expect to identify 

age-invariant monitoring effects, as was the case in the experiment reported by de Chastelaine et 

al. (2016), which was identical in design to ours with the exception of the task manipulation 

(similar results were obtained using an RKN task in Wang et al., 2015). Although these prior 

findings strongly suggest this would have been the case, it would be preferable to investigate this 

matter within the same sample of participants. Second, due to limited trial numbers in some 

participants, we collapsed across memory judgment categories of associative misses 

(‘rearranged’ responses to intact pairs) and associative CRs (correct endorsement of rearranged 

pairs). As discussed in section 3.4.2, this introduced the possibility of contaminating our measure 

of unsuccessful recollection (associative misses) with a measure of successful recollection, as a 

‘recollect to reject’ strategy was likely used for an unknown proportion of associative CRs 

(Lepage, Brodeur, & Bourgouin, 2003; Rotello & Heit, 1999). Given the well-studied decline in 

recollection for older adults (section 1.2), it is also likely that the influence of a ‘recollect to 

reject’ strategy for such trials may be more evident in younger adults, which may serve to 

obscure age-related differences in fMRI effects.  

 

3.4.2.4 General conclusion 

 Altogether, the results of experiment 2 replicated prior work examining 

recollection and post-retrieval monitoring with advancing age (de Chastelaine et al., 2016; Wang 

et al., 2015). Notably, younger and older adults activated common sets of regions during 

associative recognition under single and dual task conditions, but older adults’ ability to 

modulate activity in monitoring-related frontal regions was decreased relative to younger adults. 

Thus, for both recollection and monitoring effects, any age-related differences we observed were 

quantitative in nature. It appears that for younger adults, increasing generic task demands 
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resulted in decreased availability of neural resources for recollection and post-retrieval 

monitoring, but that they had enough ‘slack’ to accommodate this decrease without affecting 

performance. For older adults, reduction of available resources was associated with a decline in 

associative recognition performance, suggesting that although older adults are still capable of 

engaging retrieval and post-retrieval activity in a similar fashion to younger adults, these 

processes may be less efficient. Despite these differences in task-related modulation by younger 

and older adults, recollection and monitoring effects across age group and task condition were 

strikingly similar to prior findings (de Chastelaine et al., 2016; Wang et al., 2015). Therefore, 

experiment 2 provided strong evidence that although the efficiency with which retrieval-related 

activity may be engaged by older adults is somewhat decreased relative to younger adults (as 

evidenced by the attenuation of associative recollection performance and prefrontal monitoring 

effects in the older group), they are likely still engaging the same processes as younger adults. 

The finding that the relationship between monitoring effects and performance did not 

significantly differ by task condition or age group indicates that even when task demands during 

retrieval are increased, younger and older adults are still capable of engaging post-retrieval 

monitoring to support performance, although their degree of success may vary. 
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CHAPTER 4 
 

GENERAL DISCUSSION AND CONCLUSIONS 
 
 

 In the experiments described here, we examined the neural correlates of recollection and 

post-retrieval monitoring in samples of younger and older adults utilizing different imaging 

methodologies and operationalizations of recollection. In experiment 1, we recorded EEG while 

participants undertook a modified remember/know/new task with source judgments for items 

attracting Remember responses, so that activity associated with a report of subjective 

recollection could be contrasted according to source accuracy. This design allowed us to 

determine how recollection-related activity is modulated according to an objective measure of 

accuracy that is possibly linked to the amount of information retrieved. In experiment 2, we 

recorded fMRI while participants performed associative recognition under single and dual task 

conditions, with tone detection as the secondary task. We were thus able to examine predictions 

regarding the effects of secondary task engagement during retrieval and how post-retrieval 

monitoring processes are modulated by global task demand in younger and older adults.   

4.1 Recollection effects 

There were remarkable differences in the effects of age group on the neural correlates of 

recollection in experiments 1 and 2. Experiment 1 (using ERPs) revealed qualitative differences 

in recollection-related activity in the two age groups. Younger adults demonstrated a modulation 

of the left parietal effect, a putative electrophysiological correlate of recollection (section 

1.4.1.2), by which items eliciting R judgments that also received correct source judgments were 

associated with more positive going ERP waveforms than items eliciting R judgments that 

received incorrect source or Don’t Know responses. By contrast, a left parietal effect was not 

identified in older adults, for whom a robust, centrally maximal sustained negativity was 

observed for items eliciting R judgments relative to items associated with K and CR responses. 

This negative-going effect may have obscured an underlying left parietal effect in older adults 

(cf. Li et al., 2004), and although it was specific to items receiving R judgments, it was not 

modulated by source accuracy. Late negative effects similar to the one we observed in older 

adults here have been reported in several prior studies (section 1.4.1.3), but the functional 
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significance of the effect remains unclear. To our knowledge, there was only one prior study 

(Trott et al., 1997; 1999) reporting a late negativity in older adults that used a measure of 

familiarity (K judgments) as a baseline contrast and in which recollected items were contrasted 

as a function of source accuracy. Our findings are partially consistent with this prior study; in 

both cases, the negative-going effect in older adults was not modulated by source accuracy. 

However, our results contradict those of Trott et al. (1997; 1999), in that the late negativity we 

report was specific to items eliciting R responses, relative to correct rejections and items 

receiving K judgments, whereas trials receiving R and K judgments did not differ in the reports 

of Trott et al. (1997; 1999). Further evidence is required to adjudicate between these findings; 

however, we note that in Trott et al. (1997; 1999) the ERPs contributing to the effect followed an 

initial old/new recognition judgment, and trials were categorized on the basis of later R/K and 

source judgments.  

 In contrast to the findings of experiment 1, age-related differences in the neural correlates 

of recollection identified in experiment 2 (fMRI) were quantitative in nature. Here, recollection-

related activity throughout the core recollection network (section 1.4.2.1) during associative 

retrieval was examined in younger and older adults as a function of single vs. dual task demands. 

We identified additive effects of age group and task demand on the magnitude of recollection 

effects (Figure 3.4b), with decreased activity observed in dual relative to single task, and in older 

relative to younger adults. However, controlling for associative recognition performance 

eliminated the age-related difference, indicating that the magnitude of recollection effects in 

older adults was equivalent to what would be expected in younger adults exhibiting similar levels 

of recollection performance. We concluded that the age-invariant effect of dual task demands on 

the level of recollection-related activity was likely attributable to a shift in response deadline 

when participants were required to respond to target tones. By this view, participants spent less 

time holding retrieved information in mind in this condition because of the need to alternate 

attention between the memory and tone tasks. Consistent with this interpretation, associative 

recognition responses were slightly but significantly faster for both age groups under dual task 

conditions. Although the dual task condition was associated with a similar decrease in the 

magnitude of recollection-related fMRI activity in both age groups, older adults also exhibited a 
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significant drop in associative recognition performance while younger adults did not. We 

attributed this dissociation between performance and activity to a truncation of monitoring in 

older adults, as evidenced by a selective increase in false alarm rate for the older age group (this 

point is explored below).  

4.2 Post-retrieval monitoring effects 

 In contrast to the findings regarding recollection effects discussed above, we did not 

identify age-related differences in the right frontal ERP effect, the putative ERP correlate of 

monitoring, for experiment 1. This result is consistent with previous reports from ERP (Dulas & 

Duarte, 2013; Li et al., 2004; Mark & Rugg, 1998) and fMRI (de Chastelaine et al., 2016; Wang 

et al., 2015) studies of age-invariant post-retrieval monitoring effects. The right frontal effects 

identified here took the form of sustained positive-going waveforms for all correctly endorsed 

old items relative to correct rejections of new items. ERP monitoring effects have sometimes 

been reported as positive-going waveforms over right frontal scalp for items judged old using 

correct rejections as a baseline (Li et al., 2004; Mark & Rugg, 1998; Wegesin et al., 2002), but 

they have also been reported as a greater positivity for source-correct relative to source-incorrect 

hits (Wilding & Rugg, 1996). The operationalization of ERP monitoring effects as old vs. new is 

a different approach to that taken by fMRI studies of monitoring, in which effects have been 

defined on the basis of monitoring load, using contrasts such as associative misses > associative 

hits (de Chastelaine et al., 2016) or K > R responses (Wang et al., 2015). Although the studies 

mentioned above have operationalized monitoring using different contrasts, it is conceivable that 

different aspects of monitoring have been captured by these studies. Prior evidence from ERP 

(Woodruff et al., 2006) suggests that monitoring effects are not functionally homogeneous, with 

sustained right frontal effects associated with recollection (R vs. confident old responses) and 

familiarity (confident old vs. confident new responses) represented by dissociable scalp 

distributions (the distribution of the recollection-related effect was closer to the midline and 

more focal than that of the familiarity-related effect).  

In experiment 2 (fMRI), we identified age-related differences in monitoring effects, but 

these differences were quantitative in nature and were observed as a function of task demand. 

Contrary to our predictions, we did not observe differential modulation of prefrontal monitoring 
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effects in older adults as a function of task, but we did find this pattern in younger adults’ 

activity. In the younger group, monitoring effects were smaller in magnitude for dual task 

blocks, suggesting that they had reached a ‘crunch point’ where no additional neural resources 

were available to allocate to monitoring. For older adults, the magnitude of monitoring effects 

during single task blocks was reduced relative to the level observed in younger adults, and 

monitoring effects did not significantly differ between single and dual task for the older age 

group. This lack of modulation in older adults suggests that they had reached a ‘crunch point’ for 

allocating neural resources to post-retrieval monitoring at a lower level of task demand than 

younger adults, consistent with the CRUNCH framework (Figure 1.4). Therefore, although we 

had not predicted that fMRI monitoring effects would be attenuated in younger adults as a 

function of dual task demands, the findings from experiment 2 were arguably consistent with our 

theoretical conceptualization of resource allocation in post-retrieval monitoring. Behaviorally, 

older adults exhibited an increase in false alarm rate for dual relative to single task blocks, but a 

similar increase in false alarm rate was not observed in younger adults. This behavioral 

dissociation suggests that the shift in response deadline observed in both age groups under dual 

task conditions (section 3.4) served to curtail the engagement of post-retrieval monitoring in 

older adults, while younger adults were still able to engage monitoring processes sufficiently to 

support recollection performance, despite allocating a smaller pool of neural resources to them.   

4.3 Future directions 

 The results of experiments 1 and 2 have contributed to our understanding of episodic 

retrieval in younger and older adults by highlighting ways in which the neural correlates of 

recollection and monitoring may demonstrate distinct patterns of age-related differences as a 

function of task design and imaging methodology. Specifically, we identified qualitative 

differences between the age groups when we examined recollection using ERP and quantitative 

differences investigating recollection using fMRI. As suggested above, utilizing a combination 

of ERP and fMRI recordings within participants (ideally, with concurrent data acquisition) 

would help elucidate the neural processes contributing to recollection in younger and older 

adults.  
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 Another fruitful avenue of exploration would be to extend our examination of task 

demands to include a wider range of conditions. Since the requirement to ignore tones during 

single task blocks was apparently sufficient to push older adults to their ‘crunch point’ in terms 

of prefrontal resources available for monitoring, it would be useful in future studies to include a 

‘true’ single task retrieval condition in which tones are absent. With this condition, we predict 

that the magnitude of monitoring effects would not differ between younger and older adults, as 

observed in prior studies that did not include a dual task manipulation (de Chastelaine et al., 

2016; Wang et al., 2015). Additionally, since younger adults’ performance did not significantly 

decrease in the dual task condition but the magnitude of both recollection and monitoring effects 

did, it would be of interest to include a dual task condition with a more difficult secondary task, 

such as a one-back tone task (wherein participants are instructed to respond to repeated tones, so 

that target tones are not always the same pitch). If a more difficult secondary task is sufficient to 

reduce recollection performance in younger adults, would this drop in performance take the form 

of increased false alarms (similar to older adults under the dual task conditions we tested in 

experiment 2) or would the rate of associative hits decrease? The former situation would suggest 

interference with post-retrieval monitoring, while the latter would suggest that the more difficult 

task competes for resources contributing to earlier stages of retrieval as well as generic control 

processes that support monitoring.   

 Another useful approach is to examine the causal relationship between prefrontal activity 

and post-retrieval monitoring using transcranial magnetic stimulation (TMS). We are currently 

collecting data to examine the question of whether creating a transient virtual lesion of RDLPFC 

induces a monitoring deficit in younger or older adults, as measured by false alarm rate in the 

same associative recognition task used in experiment 2. This experiment does not include a dual 

task manipulation. Rather, participants complete two study-test cycles of the associative memory 

task, with stimulation delivered either to RDLPFC or vertex immediately prior to retrieval.  

4.4 Conclusions 

 Taken together, our findings suggest that episodic retrieval in younger and older adults 

relies on similar neural processes, with a common set of regions engaged in recollection and 

post-retrieval monitoring, at least under some conditions. However, the age groups appear to 
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differ in dynamic modulation of neural processes supporting successful recollection, in that older 

adults do not modulate activity under the same conditions as younger adults. Specifically, 

recollection-related ERP effects in experiment 1 were modulated by source accuracy in younger 

but not older adults, and an overlapping recollection-related ERP effect (a sustained negativity) 

was identified in older adults that may have masked the canonical recollection-related activity 

observed in younger adults. The functional significance of the sustained negativity in older adults 

is yet to be determined. Despite the age-related differences in ERP activity we observed in 

experiment 1, recollection effects investigated with fMRI in experiment 2 were similar in 

localization (core recollection regions) and magnitude (after accounting for performance) in 

younger and older adults. Where the age groups differed in this experiment was again in their 

ability to modulate activity supporting recollection success, but this time the differences were 

related to the engagement of post-retrieval monitoring with increasing task demand. While 

younger adults demonstrated an attenuation of prefrontal monitoring effects in the dual task 

condition, their false alarm rate did not increase, suggesting that although they had fewer neural 

resources to devote to monitoring in dual task, they were sufficient to support retrieval. Older 

adults did not modulate prefrontal monitoring effects by task condition, suggesting that the 

distracting effect of ignoring tones in the single task condition was resource-demanding to the 

extent of reducing the availability of neural resources (as reflected in smaller single-task frontal 

effects relative to younger adults). However, during single task blocks, older adults were 

apparently able to monitor retrieved information to a greater extent than they were during dual 

task blocks, as evidenced by the increased false alarm rate under dual task conditions. It thus 

appears that older adults’ relative inability to modulate neural activity is a key difference 

between younger and older adults, and this may contribute to age-related decline in episodic 

memory performance. However, a more thorough examination of the factors affecting dynamic 

modulation of retrieval-related activity (such as task demand) is required to fully understand this 

difference. 
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managing daily lab activities, training new students, overseeing physical move of lab.  

 
Eyewitness Lab (Dr. James Bartlett) 
University of Texas at Dallas (Fall 2010 – Spring 2011) 

Experience working with adult participants, experimental design for memory and face 
recognition paradigms, data management.   
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Research Interests:  
 
Episodic memory, aging, functional connectivity, semantic memory, linguistics.  
 
Publications:  
 
Schwarz, A. L., van Kleeck, A., Beaton, D., Horne, E., MacKenzie, H., & Abdi, H. (2015). A 
Read-Aloud Storybook Selection System for Prereaders at the Preschool Language Level: A 
Pilot Study. Journal of Speech, Language, and Hearing Research, 58(4), 1273-1291. 
 
Koen, J. D., Horne, E. D., Hauck, N., & Rugg, M. D. (2018). Age-related differences in 
prestimulus subsequent memory effects assessed with event-related potentials. Journal of 
cognitive neuroscience, 30(6), 829-850. 
 
Conference Presentations:  
 
Horne, E.D., de Chastelaine, M., King, D.R., and Rugg, M.D. (2014, April). Changes in 
functional connectivity within the default mode network are linked to successful associative 
encoding. Poster presented at the annual meeting of the Cognitive Neuroscience Society, Boston, 
MA. 
 
Horne, E.D., de Chastelaine, M., King, Danielle R., Rugg, M.D. (2014, November). Age-related 
differences in event-related functional connectivity during associative encoding. Poster presented 
at the annual meeting of the Society for Neuroscience, Washington, DC. 
 
Horne, E.D., de Chastelaine, M., King, D.R., Siegel, J.T., Rugg, M.D. (2016, April). Age effects 
on encoding-related modulation of hippocampo-medial prefrontal connectivity. Poster presented 
at the annual meeting of the Cognitive Neuroscience Society, New York, NY. 
 
Horne, E.D., Koen, J.D., Hauck, N., Rugg, M.D. (2017, March). Age differences in event-related 
potential effects associated with strong and weak recollection. Poster presented at the annual 
meeting of the Cognitive Neuroscience Society, San Francisco, CA. 
 
Horne, E.D., Koen, J.D., Hauck, N., & Rugg, M.D. (2017, November). Age differences in ERP 
correlates of subjective recollection and source memory. Poster presented at the annual meeting 
of the Society for Neuroscience, Washington, DC. 
 
Horne, E.D., de Chastelaine, M., King, D.R., and Rugg, M.D. (2019, March). The effect of a 
dual task manipulation on the neural correlates of recollection and post-retrieval monitoring in 
young and older adults. Poster presented at the annual meeting of the Cognitive Neuroscience 
Society, San Francisco, CA.  
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Departmental Talks:  
 
Age-related differences in event-related potential correlates of episodic encoding and retrieval. 
Center for Vital Longevity Science Luncheon Series, Dallas, TX (Fall 2018).   
 
Technical Skills:  
 
Experimental design, data collection (working with adults and children), neuroimaging (fMRI, 
EEG), neurostimulation (TMS), programming (Matlab, R), statistical analysis (Matlab, R, 
SPSS), data visualization (Human Connectome Project Workbench, Matlab, R, MS Office).  
 
Languages:  
 
English, German.  
 
Professional Memberships:  
 
Cognitive Neuroscience Society 
Society for Neuroscience 
 
 
 

 
 

 
 




