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ABSTRACT
Maintaining accurate memory depends on both the ability to recognize old information and the
ability to reject new information that has not been previously encountered. Research has shown
that it is difficult to reject new information that bears resemblance to previously encountered
information and individuals instead often falsely identify such new information as old. It has
been posited that in the case of high relatedness between new and old information, recalling
elements of old information can facilitate the rejection process as inconsistencies between new
and old information can be identified. Recalling studied information to facilitate rejection of new
items at retrieval has been termed ‘recollection rejection’ and is an excellent strategy for
suppressing false memories. Despite the fact that recollection rejection is posited to engage a
mechanism similar true recollection, previous neuroimaging studies have not evaluated to the
overlap between the neural correlates of true recollection and recollection rejection. Thus, the
present study sought to evaluate the neural basis of recollection rejection within a perceptual
false memory paradigm. Results demonstrated that recollection rejection engaged a frontoparietal network that has been posited to support retrieval monitoring processes. Critically,
neural overlap between recollection rejection and true recollection was limited to one cluster in
ventral visual cortex. Thus, there was little evidence that recollection rejection relies on a true
recollection mechanism.
Regarding aging, few behavioral studies have evaluated older adults’ ability to use recollection
rejection as a strategy for suppressing false memories, despite the wealth of research showing
age-related increases in false memories. Further, no neuroimaging study has done so. In
particular, given age deficits in true recollection processing, it is possible that difficulties
engaging recollection represent a common cause of age-related deficits in true memories and
age-related increases in false memories. However, while the present study revealed a behavioral
age deficit that was specific to rejecting related lures using recollection rejection, very few neural
differences between age groups were identified. While there was some evidence of age-related
increases in neural activity associated with recollection rejection, there was far more neural
activity that was common across age groups. Thus, when older adults make successful
recollection rejection responses, they do so based on similar cognitive and neural processes as
young adults.
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Chapter 1
INTRODUCTION
It is well-known that memory function declines with age (for reviews see Craik, 1994;
Light, 1991; Spencer & Raz, 1995), which is typically understood to mean that older adults
forget more information than younger adults. Further, it is well-established that this memory
decline is often reflected in age differences in neural functioning during both encoding and
retrieval (for reviews see Dennis & Cabeza, 2008; Rajah & D'Esposito, 2005). Older adults’
deficits in correctly rejecting new, distractor information, however, have received much less
attention. That is, older adults misperceive new information as old more often than young adults,
resulting in an age-related increase in false recognitions that is of a similar magnitude as the agerelated increase in forgetting (for meta-analysis see McCabe, Roediger, McDaniel, & Balota,
2008). Critically, successful recognition performance is contingent on the ability to distinguish
between new and old information (Kumaran & Maguire, 2007b; Snodgrass & Corwin, 1988).
Age-related increases in false recognitions have been posited to reflect older adults’ difficulties
distinguishing between new and old information (Yassa, Lacy, et al., 2011; Yassa, Mattfeld,
Stark, & Stark, 2011), particularly when new and old information share properties (Koutstaal &
Schacter, 1997). Although a wealth of behavioral research has shown that age-related memory
deficits are due to increases in both forgetting and false memories (e.g., Koutstaal & Schacter,
1997; Maylor, 1993; Park, Royal, Dudley, & Morrell, 1988), relatively little is known about the
cognitive and neural processes that older adults utilize to avoid false recognitions and instead
correctly identify information as new. The present study sought to better understand overall agerelated memory decline by investigating how factors such as similarity between new and old
items as well as age deficits in recollection processing contribute to age deficits in novelty
processing.
The following introduction begins by outlining the typical pattern of age-related deficits
in memory retrieval with particular emphasis on neuroimaging studies of recollection. That
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discussion will be followed by an in-depth review of studies examining novelty processing in
young and older adults, as well as an integration of novelty processing and retrieval through a
discussion of novelty theory. Finally, before describing the present study, I will also provide a
discussion of novelty studies that have incorporated the concept of recollection to test the idea of
‘recall-to-reject’ as a memory strategy.

Age differences in memory retrieval: Deficits and compensation

As previously mentioned, older adults’ retrieval deficits have been well-established (for
reviews see Burke & Light, 1981; Luo & Craik, 2008). In particular, research has shown that
older adults have difficulty with detailed memories known according to the dual process theory
of memory as recollections (Bastin & Van der Linden, 2003; M. W. Howard, Bessette-Symons,
Zhang, & Hoyer, 2006; Prull, Dawes, Martin, Rosenberg, & Light, 2006). Recollections are
vivid memories that include retrieval of associated perceptual and semantic information as well
as contextual details (Tulving, 1985). Recollections are sometimes described as mental timetraveling such that one feels as if one has been transported back to that moment and can reexperience it in the mind. Such recollections are defined in contrast to memories based on
familiarity, wherein there is a general sense of recognition without retrieval of associated
contextual information. The classic example of familiarity is the ‘butcher on the bus’
phenomenon: seeing someone familiar outside the context he or she is typically encountered and
recognizing that person but not being able to retrieve associated details such as the person’s
name or associated context (Mandler, 1991). Crucially, both recollection and familiarity are
forms of memory retrieval, but, as noted above, they differ in the quality of information
retrieved. Recollection and familiarity are typically measured through relational memory tests
(e.g., Yonelinas, 1997), source memory tests (e.g., Yonelinas, 1999), and by using ‘RememberKnow-New’ or confidence judgments (e.g., Tulving, 1985), which allow researchers to
distinguish between these two dissociable memory processes. In particular, the ‘RememberKnow-New’ procedure asks participants to report on the subjective basis of an ‘old’ decision
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such that detailed recollections are associated with ‘Remember’ responses and recognitions
based on familiarity are associated with ‘Know’ responses.
Studies of aging have shown that while familiarity processing is relatively intact across
age, recollection processing shows a significant age-related deficit (Bastin & Van der Linden,
2003; Daselaar, Fleck, Dobbins, Madden, & Cabeza, 2006; Davidson & Glisky, 2002; Jacoby,
Shimizu, Velanova, & Rhodes, 2005; McCabe, Roediger, McDaniel, & Balota, 2009).
Neuroimaging studies have found that such age-related recollection deficits are associated with
older adults’ showing reduced activity in the hippocampus compared to young (Daselaar, Fleck,
Dobbins, et al., 2006; Yonelinas et al., 2007), a region that has been long-established as critical
to the formation and retrieval of episodic memories (Eichenbaum, Yonelinas, & Ranganath,
2007; Gabrieli, Stebbins, Singh, Willingham, & Goetz, 1997; Scoville & Milner, 1957; Squire &
Zola-Morgan, 1991). In one such study, Daselaar and colleagues (2006) found a dissociation
within the medial temporal lobes (MTL) for recollection and familiarity such that older adults
showed recollection deficits in the hippocampus paired with simultaneous increases in
familiarity processing in rhinal cortex. Taken together, research has suggested that the
hippocampus plays a critical role in reconstructing past events by retrieving and reassembling
details from previous experience (Alvarez & Squire, 1994; Damasio, 1989; McClelland,
McNaughton, & O'Reilly, 1995). Thus, older adults’ reduced processing in the hippocampus
during memory retrieval provides a potential mechanism for explaining age-related deficits that
are specific to recollection while sparing familiarity processing in aging.
In addition to age-related reductions in neural activity, neuroimaging studies have also
consistently found that older adults show increased activity in prefrontal cortex (PFC) compared
to younger adults during episodic memory tasks (Anderson et al., 2000; Bäckman et al., 1997;
Cabeza, Anderson, Houle, Mangels, & Nyberg, 2000; Cabeza, Anderson, Locantore, &
McIntosh, 2002; Grady, Bernstein, Beig, & Siegenthaler, 2002; Madden, Gottlob, et al., 1999).
Two such patterns of age-related PFC increases have been posited, known as HAROLD
(Hemispheric Asymmetry Reduction in OLDer adults; Cabeza, 2002) and PASA (Posterior to
Anterior Shift in Aging; Davis, Dennis, Daselaar, Fleck, & Cabeza, 2008). Both patterns suggest
that older adults recruit additional PFC regions to compensate for deficits in other brain areas,
with HAROLD addressing patterns of bilateral PFC recruitment where young adults recruit PFC
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unilaterally, and PASA addressing age-related increases in PFC activity with simultaneous age
reductions in posterior cortices such as visual cortex (Davis et al., 2008; for review see Dennis &
Peterson, 2012). Such PFC increases have been considered compensatory to the extent that they
are associated with better task performance or predict better scores on other measures of
cognitive abilities (Cabeza et al., 2002). For example, Cabeza (2002) found that the older adults
with the highest levels of performance on a neuropsychological battery showed bilateral PFC
activity during a contextual memory task while both young adults and low performing older
adults showed right lateralized PFC activity. The authors interpret increases in PFC activity in
high performing older adults to represent greater monitoring of retrieval compared to lower
performing older adults.
Taken together, research from the domain of memory retrieval suggests that older adults
have difficulty retrieving item-specific details associated with past events and that such
difficulties arise largely from deficits in hippocampal functioning. To the extent that older adults
perform successfully on retrieval tasks, such success is supported largely by age-related
increases in PFC activity associated with retrieval monitoring processes.

Age deficits in novelty processing

Returning to the concept of age-related differences in novelty processing, the following
section outlines two ways that novelty has been studied in behavioral and neuroimaging studies
across both young and older age groups. The first type of novelty is known as stimulus novelty
or ‘novelty detection.’ In studies of novelty detection, some stimuli are presented multiple times
in the experiment (‘familiar’ stimuli) while other items are presented only once or a few times in
the context of the experiment (‘novel’ stimuli). Novelty processing is then operationalized by
comparing neural activity associated with novel > familiar items as a measure of implicit novelty
detection (e.g., Kaplan, Horner, Bandettini, Doeller, & Burgess, 2014; Kohler, Danckert, Gati, &
Menon, 2005; Kumaran & Maguire, 2006). In contrast, the second type of novelty, recognition
novelty, involves measuring behavioral responses during memory retrieval to determine
participants’ subjective perceptions of novelty or familiarity in addition to the objective novelty

5

or familiarity of the stimuli. As previously-mentioned, such work has largely focused on false
memories (e.g., Atkins & Reuter-Lorenz, 2011; Benjamin, 2001; Brainerd, Wright, Reyna, &
Mojardin, 2001; Cabeza, Rao, Wagner, Mayer, & Schacter, 2001; Curran, Schacter, Johnson, &
Spinks, 2001; Dennis, Bowman, & Vandekar, 2012; Dodson & Johnson, 1993; Gallo,
McDermott, Percer, & Roediger, 2001; Koutstaal et al., 2003; Koutstaal, Schacter, Galluccio, &
Stofer, 1999; Koutstaal & Schacter, 1997; Roediger, Watson, McDermott, & Gallo, 2001;
Seamon et al., 2002) with fewer studies focusing on accurate identification of novelty (Achim &
Lepage, 2005; Dobbins, Kroll, Yonelinas, & Liu, 1998; Lampinen, Odegard, & Neuschatz, 2004;
Lepage, Brodeur, & Bourgouin, 2003; Rotello, Macmillan, & Van Tassel, 2000) and even fewer
studies addressing questions of aging (Bowman & Dennis, in press-a; Cohn, Emrich, &
Moscovitch, 2008; Gallo, Bell, Beier, & Schacter, 2006). Thus, the following sections will
review behavioral and neuroimaging findings of both types of novelty and address findings from
studies of aging where available.
Stimulus novelty or ‘novelty detection.’ Studies of novelty detection seek to investigate neural
responses to novelty that can be separated from those of familiarity in order to identify implicit
neural signals that can detect differences between truly old and truly new items. This implicit
neural signal has been posited to influence episodic memory decisions and contribute to patterns
of age deficits in explicit memory (Friedman, 2003). These implicit novelty signals have been
identified using intracranial recordings (Knight, 1996), ERPs (Fabiani & Friedman, 1995;
Friedman, Simpson, & Hamberger, 1993), and fMRI (Kaplan et al., 2014; Kohler et al., 2005;
Kumaran & Maguire, 2006). In particular, studies of novelty detection have focused on the role
of the MTL as a ‘novelty detector’ as this region frequently shows greater activation for novel
compared to familiar stimuli (e.g., Kirchhoff, Wagner, Maril, & Stern, 2000; Kohler et al., 2005;
Martin, 1999; O'Kane, Insler, & Wagner, 2005; Saykin et al., 1999). Further, based largely on
data from electrophysiological studies in animals, Brown & Aggleton (2001) posited that subregions in the MTL respond differently to different types of novelty. This theory of novelty
distinguishes between stimulus novelty – a single novel item – and association novelty – a new
composition of familiar items. For example, one might be familiar with both one’s dentist and
one’s hair salon, but it would likely be a novel association to see one’s dentist cutting hair in that
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salon. Brown and Aggleton (2001) posit that while a neural signal for stimulus novelty may be
based largely on global familiarity for the item, associative novelty may require a distinct
memory signal. Similar to dual process theory in terms of memory retrieval, the authors suggest
that while familiarity signals may originate from cortical MTL regions, particularly perirhinal
cortex, associative novelty relies on hippocampal activity. This theory is founded on work
showing adaptation effects to repeated items in perirhinal cortex while in the hippocampus, few
neurons [<~1% (e.g., Brown, Wilson, & Riches, 1987; Miller, Li, & Desimone, 1993; Sobotka &
Ringo, 1993)] show such adaptation effects. Instead, hippocampal neurons show the greatest
overall response when new associations of familiar information are present, such as item –
location associations (Eichenbaum, 2000; Eichenbaum, Otto, & Cohen, 1994; Parkinson,
Murray, & Mishkin, 1988).
Kumaran and Maguire (2007a, 2007b) extended this novelty theory by suggesting that
hippocampal novelty responses occur not only for associative novelty, but whenever the
currently presented item(s) share features with information stored in memory and thus trigger the
recall of a previous episode. For example, Kumaran & Maguire (2006) conducted a study in
which participants saw sequences of four items presented serially. Participants later passively
viewed sequences of items that were presented a second time in orders that varied from their
initial presentation. Importantly, in all conditions, the items themselves were familiar, but the
order of presentation (i.e., the association) was different. The authors found maximal
hippocampal activity when the first half of the sequence was repeated but the second half
changed, suggesting that the hippocampus first detected the similarity between the initial and
second presentation but then registered the novelty of association in the second half. Together,
the work by Brown and Aggleton (2001) and Kumaran and Maguire (2006, 2007a, 2007b)
suggests a dissociation between rhinal cortex and the hippocampus during novelty processing
such that the hippocampus may be particularly crucial to novelty processing when novel stimuli
cannot be distinguished from old items based on familiarity alone. While neuroimaging studies
in young adults have provided evidence supporting the dissociation between MTL sub-regions
posited by theories of novelty detection, (L. R. Howard, Kumaran, Olafsdottir, & Spiers, 2011;
Kaplan et al., 2014; Kohler et al., 2005), novelty detection studies have not addressed the effect
of aging on novelty processing in the MTL.
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Instead, studies of novelty detection in aging have typically investigated the neural
distinction between stimulus novelty and stimulus familiarity and done so within the context of
oddball paradigms (Fabiani & Friedman, 1995; Friedman, Hamberger, & Ritter, 1993; Friedman,
Simpson, et al., 1993; Hamberger & Friedman, 1992). Using ERPs, these studies have identified
a neural signal for novelty processing in young and older adults, known as the novelty P3
(Fabiani & Friedman, 1995; Friedman, Kazmerski, & Cycowicz, 1998; Friedman, Kazmerski, &
Fabiani, 1997). The novelty P3 is a positive-going waveform over frontal electrodes that occurs
approximately 300 - 1000 ms after the onset of the novel stimulus and is posited to reflect
orienting and evaluation process associated with novel items (Friedman et al., 1997). Although
such studies have demonstrated that novel items elicit a novelty P3 in both young and older
adults, older adults’ P3 is often reduced in magnitude compared to young adults (Fabiani &
Friedman, 1995; Friedman, Simpson, et al., 1993). Further, while young adults’ novelty P3 tends
to decrease in magnitude over the course of an experimental session, the novelty P3 in older
adults does not. This persistence of novelty signals in older adults has been posited to reflect
older adults’ difficulties inhibiting orienting responses even for irrelevant stimuli (Fabiani &
Friedman, 1995; Friedman, Simpson, et al., 1993; Friedman & Simpson, 1994). In addition to
age-related deficits in neural responses to novel stimuli, previous research has shown that the
magnitude of the novelty P3 in older adults predicts cognitive performance across a number of
cognitive domains, particularly with regard to attention and executive control (Daffner et al.,
2006). Taken together, previous research has demonstrated age-related differences in both the
overall magnitude of the novelty P3 as well as its magnitude over time. Importantly, despite what
has been interpreted as age deficits in the novelty P3, this neural response to novelty has also
been identified as an indicator of overall cognitive health for older adults as measured by
increased performance on neuropsychological batteries (Daffner et al., 2006).
Aging studies of novelty detection using fMRI have largely focused on the relationship
between novelty processing and affective processing in the amygdala (Moriguchi et al., 2011;
Wright et al., 2008; Wright, Wedig, Williams, Rauch, & Albert, 2006). For example, Wright and
colleagues (2006) presented young and older adults with familiar neutral faces as well as novel
fearful faces in order to create a situation in which the amygdala would be maximally active in
both age groups. Results showed similar levels of amygdala activation across age groups for
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novel fearful compared to neutral familiar faces, and the authors conclude that previouslyestablished age deficits in amygdala processing were associated with age differences in what is
perceived as salient, and not older adults’ complete inability to activate this region. Further
studies have confirmed that older adults show similar degree of novelty processing in the
amygdala as young adults (Moriguchi et al., 2011; Wright et al., 2008). However, Wright and
colleagues (2008) found age deficits in bilateral fusiform gyrus for novel compared to familiar
faces, indicating that, while saliency responses to novelty may be relatively intact with age, older
adults show reduced perceptual processing of novel information.
In an aging study investigating the relationship between dopaminergic midbrain regions
(substantia niagra and ventral tegmental area) and the hippocampus during novelty processing,
Bunzeck and colleagues (2007) found that older adults engaged both regions in conjunction with
viewing novel stimuli, and that the degree of activation in midbrain regions and the hippocampus
was associated with the structural integrity of these regions. While this study provides evidence
that older adults engage a novelty region that has been shown to be critical to novelty processing
in young adults – the hippocampus (e.g., Daselaar, Fleck, & Cabeza, 2006; Kohler et al., 2005;
Kumaran & Maguire, 2006) – this study did not include a young adult sample and thus did not
directly compare neural activity between young and older adults. Thus, it provides little
information on how MTL activity in response to novelty compares to that found in younger
adults. Overall, given the few number and diverse nature of fMRI studies of novelty detection
and aging, it is clear that there has been little systematic study of how aging affects the neural
basis of novelty processing in terms of novelty detection.
Taken together, theories of stimulus novelty have posited that sub-regions within the
MTL are differentially associated with the recollective and familiarity aspects of novelty
detection, but such theories have not been extended to integrate age-related deficits in
recollection and novelty processing. Instead, studies of aging have suggested that frontal
processes associated with novelty detection may be reduced in older adults while saliency
processing of novelty in the amygdala remains relatively intact. While such studies provide
insight into intact cognitive processes in aging, the underlying cognitive and neural deficits
associated with age-related deficits in novelty processing remain unclear.
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Recognition novelty: False recognition. Studies of recognition novelty evaluate novelty
processing in terms of memory responses to novel items (known as lures) during a retrieval task.
In the language of signal detection theory, lures that are correctly labeled as ‘new’ are known as
correct rejections. Lures that are mislabeled as ‘old’ are false alarms. Thus, correct rejections
represent a successful memory response to a novel stimulus while false alarms represent an
erroneous response. In standard recognition tasks, false alarm and correct rejection rates are
inverses of one another as these are the only two possible responses to novel items. Most
behavioral studies have focused on the false alarm portion of recognition novelty – that is, they
have focused on factors that affect the rate of erroneous responses to novel items (e.g., Koutstaal
& Schacter, 1997; McDermott & Roediger, 1998; McDermott & Watson, 2001; Rankin &
Kausler, 1979; Robinson & Roediger, 1997; Schacter, Israel, & Racine, 1999; Tun, Wingfield,
Rosen, & Blanchard, 1998) whereas successful responses to lures have received much less
attention (but see ‘Recognition novelty: correct rejections and recall-to-reject’ section below).
While standard recognition studies employ targets and lures that are not related in any
fashion, typical false memory studies involve a manipulation of the relatedness between targets
and lures such that lures share semantic and perceptual features with items presented at study.
Critically, while both young and older adults false alarm to related lures at higher rates than
unrelated lures, older adults consistently show increased rates of such related false recognitions
(Balota et al., 1999; Butler, McDaniel, Dornburg, Price, & Roediger, 2004; Koutstaal &
Schacter, 1997; Tun et al., 1998). In fact, a meta-analysis conducted by McCabe and colleagues
(2008) showed that the age-related increase in false memories is of a similar magnitude to agerelated increases in forgetting. Further, results revealed that older adults’ increases in false
memories are driven largely by false recollections wherein older adults not only report a lure as
‘old’, but remember specific contextual details of the item’s previous presentation (Brainerd et
al., 2001). Clearly, no true contextual details associated with a new item can be retrieved since it
has not been previously encountered. Instead, age-related increases in false recollections have
been posited to reflect old adults’ reliance on general properties of items or gist processing
during retrieval (Brainerd et al., 2001; Dennis, Bowman, & Peterson, 2014; Koutstaal &
Schacter, 1997). Taken together, there is strong evidence that relatedness between new and old
items at retrieval reduces novelty processing in both young and older adults, which is largely
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driven by increased false recognitions to related lures. Further, previous research has
demonstrated that the effect of relatedness on memory performance is stronger in older than
younger adults and is a substantial contributor to age-related memory impairment, particularly
with regard to false recollections.
Neuroimaging studies of false memory have typically compared the neural bases
supporting true and false memories and, much like studies of stimulus novelty, have looked for a
neural signal that can distinguish true from false. However in the case of false memory studies,
unlike studies of implicit novelty detection, novelty and familiarity processing are defined in
terms of explicit memory responses. Retrieval studies in young adults have revealed three major
findings. The first finding is that there is a great deal of overlap between cognitive and neural
processes supporting true and false memories (Atkins & Reuter-Lorenz, 2011; Cabeza et al.,
2001; Dennis et al., 2012; Garoff-Eaton, Kensinger, & Schacter, 2007; Garoff-Eaton, Slotnick, &
Schacter, 2006; Gutchess & Schacter, 2012; Iidaka, Harada, Kawaguchi, & Sadato, 2012; Kahn,
Davachi, & Wagner, 2004; Okado & Stark, 2003; Schacter, Buckner, Koutstaal, Dale, & Rosen,
1997; Schacter et al., 1996; Slotnick & Schacter, 2004; Stark, Okado, & Loftus, 2010; von
Zerssen, Mecklinger, Opitz, & von Cramon, 2001). That is, many brain regions that are active
for true memories also show activity for false memories, including portions of the MTL
suggesting similar cognitive processes contribute to both types of memories (Cabeza et al., 2001;
Dennis et al., 2012; Garoff-Eaton et al., 2006; Gutchess & Schacter, 2012; Kahn et al., 2004;
Schacter et al., 1997; Schacter et al., 1996; Slotnick & Schacter, 2004; Stark et al., 2010; von
Zerssen et al., 2001). Secondly, when researchers find neural activity that is greater for true
compared to false memories, it is typically in MTL (Cabeza et al., 2001; Dennis et al., 2012;
Dennis, Kim, & Cabeza, 2008; Giovanello, Kensinger, Wong, & Schacter, 2009; Kahn et al.,
2004; Kim & Cabeza, 2007; Paz-Alonso, Ghetti, Donohue, Goodman, & Bunge, 2008) and/or
cortical visual regions (Abe et al., 2008; Atkins & Reuter-Lorenz, 2011; Cabeza et al., 2001;
Dennis et al., 2012; Moritz, Glascher, Sommer, Buchel, & Braus, 2006; Schacter et al., 1996;
Slotnick & Schacter, 2004). For example, a study by Dennis and colleagues (2012) found that
while both true and false recollection were associated with increases in anterior parahippocampal
activity when compared to familiarity responses, true recollection was associated with greater
activity in the hippocampus proper as well as in early visual cortex when directly compared to
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false recollection. Such findings suggest that although false memories share many properties
with true memories, true memories are typically associated with enhanced retrieval of perceptual
details from encoding (Marche, Brainerd, & Reyna, 2010; Mather, Henkel, & Johnson, 1997;
Norman & Schacter, 1997). The last major finding from false memory studies in young adults is
that, when researchers find neural activity that is greater for false compared to true memories,
such differences are typically found in prefrontal cortex (Cabeza et al., 2001; Garoff-Eaton et al.,
2007; Kim & Cabeza, 2007; Kubota et al., 2006; Okado & Stark, 2003; Schacter et al., 1997;
Schacter et al., 1996; Slotnick & Schacter, 2004). Such PFC activity supporting false memories
is posited to reflect monitoring and decision-making processes that are evoked when related lures
elicit strong familiarity but lack a perceptual reactivation signal (Dennis, Bowman, & Turney,
2015). Together, results from false memory studies in young adults indicate that item-specific
retrieval mediated by the MTL and sensory cortices are critical to distinguishing between old and
new information when they share semantic or perceptual features.
With regard to aging, only a small number of neuroimaging studies have investigated
age-related differences in the neural basis of false memories (Dennis et al., 2014; Dennis et al.,
2008; Dennis, Kim, & Cabeza, 2007; Duarte, Graham, & Henson, 2010a; Giovanello et al.,
2009). Of these studies, Duarte and colleagues (2010a) used a paradigm that involved unrelated
stimuli and found that age-related increases in false memories were driven largely by inefficient
sensory processing in older adults, specifically in fusiform cortex. However, in studies utilizing
relatedness false memory paradigms, Dennis and colleagues (2014; 2008) found that increased
false recollection rates in older adults were associated with categorical/semantic processing in
lateral temporal regions. Further, these studies also demonstrated reduced processing in sensory
processing regions for older compared to young adults during true recollection. That is, older
adults showed increased activity in regions associated with general semantic and categorical
processing for false memories, while also showing reduced activity in brain regions supporting
item-specific processing such as visual cortex associated with true memories. Comparing the
work by Duarte and colleagues (2010a) to that of Dennis and colleagues (2014; 2008), it may be
that discrepancies in findings are due to differences in the degree of relatedness between new and
old stimuli. As previously described, relatedness between old and new stimuli has a strong effect
on behavioral memory performance, particularly in older adults. However, further evidence is
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necessary to establish how the degree of relatedness between new and old stimuli affects neural
processing associated with true and false memories.
Overall, behavioral and neuroimaging studies of false recognition have provided critical
information about the cognitive and neural bases of age-related deficits in novelty processing.
These studies have demonstrated a critical role of sensory and reconstructive processes in
supporting true memories and have indicated that deficits in sensory processing and increases in
categorical processing may underlie age-related increases in false memories. However, such
studies have not examined age-related processes associated with successful responses to lures.
The following section will review behavioral and neuroimaging literature in young and older
adults that focuses on correct rejection responses with a particular emphasis on studies
investigating recollection rejection.
Recognition novelty: Correct rejections and recall-to-reject. Whereas high rates of false
recognitions are associated with poor memory performance, high rates of correct rejections are
an important contributor to successful recognition performance and, together with true
memories, are critical to memory sensitivity. The ability to reject lures at retrieval demonstrates
distinctiveness of memories (Dodson & Schacter, 2002a, 2002b; Gallo, Weiss, & Schacter, 2004;
Hege & Dodson, 2004) such that old and new information can be successfully distinguished
from one another. Behavioral theories of memory have suggested two strategies by which
individuals may reject lures at retrieval: the distinctiveness heuristic and recollection rejection or
‘recall-to-reject’ (Gallo, Bell, et al., 2006; Hege & Dodson, 2004). The distinctiveness heuristic
theory suggests that individuals use the lack of a retrieval signal as a means to reject lures,
particularly when target items are distinctively encoded. Recollection rejection, in contrast,
involves retrieving details of old items that are inconsistent with the lure item and using the
mismatch between the items as the basis for correct rejections.
In studies utilizing the distinctiveness heuristic paradigm, researchers typically present
participants with items in the form of either pictures (e.g., photograph of a tree) or words (e.g.,
the word ‘tree’) during a study phase. At test, all items are presented as words and participants
are asked to discriminate between items presented as words and those presented as images at
retrieval (i.e., source memory). In one such study, Dodson and Schacter (2002b) found that
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participants who viewed pictures as compared to words during encoding were less likely to
falsely recognize (and therefore more likely to correctly reject) lures during their second retrieval
presentation. The authors concluded that participants in the picture study condition rejected lures
when they did not retrieve visual details that they would expect to retrieve if they had seen a
picture of the item previously, whereas those in the word condition would not expect to retrieve
such details. Thus, the retrieval or lack of retrieval of specific study details can serve as a signal
to correctly reject an item at retrieval.
Neuroimaging studies of the distinctiveness heuristic have suggested that correct
rejections for distinctive information require less post-retrieval monitoring because participants
expect to experience a strong bottom-up signal for distinctive information that has been
previously presented and, when this signal is not present, participants can reject the information
without further processing (Dodson & Schacter, 2002b). Consistent with this account,
neuroimaging studies have shown reduced processing in dorsolateral PFC for rejections of
distinctive compared to less distinctive information (Gallo, Kensinger, & Schacter, 2006) as well
as compared to a recall-to-reject strategy (Gallo, McDonough, & Scimeca, 2010). Thus, use of
the distinctiveness heuristic is posited to reflect a lack of an expected retrieval signal and is most
useful when lures are dissimilar to targets and thus, unlikely to trigger recollection responses.
The notion that individuals may recall true aspects of a previous episode in order to
correctly reject new information has been termed recollection rejection or ‘recall-to-reject’ in the
context of recognition memory (Brainerd & Reyna, 2002; Brainerd, Reyna, Wright, & Mojardin,
2003; Lampinen et al., 2004). This memory strategy has been studied largely in terms of
relational memory, particularly in the conjunction memory paradigm (e.g., Jones, 2005; Jones &
Atchley, 2006; Lampinen et al., 2004; Matzen, Taylor, & Benjamin, 2011; Rotello & Heit,
2000). In such studies, individuals learn compound words such as jailbird and blackmail during
the encoding phase. Related lures at retrieval are recombinations of previously studied items
(e.g., blackbird). It is hypothesized that when such a related lure is presented, a useful strategy
for successfully rejecting it is to recall the previously studied items whose elements form the
current item, meaning that true recall processes can operate to benefit successful novelty
decisions (Jones, 2005; Lampinen et al., 2004; Rotello & Heit, 2000). Studies have shown that in
such situations, novelty processing can operate much like true recollection, including showing
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effects of interference from divided attention (Odegard & Lampinen, 2005), relying on retrieval
of contextual information (Dobbins et al., 1998), and showing greater demands on recollection
during associative as compared to item memory (Rotello & Heit, 2000). Behavioral studies have
also found that recollection in novelty processing is dependent on the mutual exclusivity of the
target and the related lure: Participants are more likely to use a recall-to-reject strategy if
recalling the true item excludes the possibility of another similar item having also been present
during study (Dobbins et al., 1998). Returning to the above example from the conjunction
memory paradigm, imagine that a participant sees the related lure blackbird at retrieval. The
participant will be more likely to try to recall the targets blackmail and jailbird if the study were
designed such that no other words during the study phase included the components black and
bird. However, if it is possible that all three words (i.e., blackmail, jailbird, and blackbird) were
presented during the study phase, the participant will be less likely to use recall-to-reject as their
strategy. Overall, behavioral research in young adults suggests that recollection rejection is a
viable memory strategy in recognition, particularly when related lures are associated with a
specific item presented at encoding.
As in behavioral studies, neuroimaging studies of recollection rejection have employed
relational memory paradigms (Achim & Lepage, 2005; Lepage et al., 2003), including the
conjunction memory paradigm (Ford, Verfaellie, & Giovanello, 2010). In the study by Lepage
and colleagues (2003), the relational memory paradigm used asked participants to remember a
pair of items together (e.g., a particular face with a particular scene). The authors then compared
neural responses to intact pairs (targets) and rearranged pairs (related lures) and found that both
types of items elicited increased activation in bilateral prefrontal regions associated with strategic
retrieval processes including post-retrieval monitoring. However, compared to intact pairs,
rearranged pairs elicited relatively greater activation in left middle frontal gyrus, which the
authors attribute to additional monitoring demands in the recollection rejection condition. In a
later study, Achim and Lepage (2005) compared correct rejections and hits in terms of both item
and relational memory. The authors found that bilateral dorsolateral PFC showed the greatest
levels of activity for old items and rearranged pairs, which the authors conclude require the
greatest degree of post-retrieval monitoring processes. Finally, results from a neuroimaging
study using the conjunction memory paradigm indicated that a region of left parahippocampal
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gyrus supports correct rejection of recombined associations compared to intact associations,
which the authors posit reflects the role of the MTL in recollection rejection (Ford et al., 2010).
However, this was the only study to date to directly implicate the MTL in recollection rejection,
which is surprising given the critical role of the MTL in true recollection (for review see
Yonelinas, 2002). Taken together, these studies suggest that when compared to true memories,
recollection rejection is associated with a greater degree of retrieval monitoring in lateral
prefrontal cortices, particularly dorsolateral PFC, as well a potential role for the MTL in
retrieving details of previous encoding episodes.
In all of the above-described neuroimaging studies, the authors use neural responses to
correctly rejected rearranged or recombined pairs as their measure of recollection rejection
(Achim & Lepage, 2005; Ford et al., 2010; Lepage et al., 2003). The authors use these items with
the assumption that rejecting recombined lures requires recall of the previously encoded pair due
to the familiarity of the individual items in the pair. Indeed, behavioral evidence would suggest
that rearranged pairs are more likely to be rejected based on recollection rejection when
compared to lures containing completely new components (Lampinen et al., 2004). However,
behavioral research also shows that some proportion of rearranged lures are rejected based on
lack of familiarity that may result from poor initial encoding of the items in the pair or of the
association between them. Further, research investigating the distinctiveness heuristic has
likewise assumed that all correct rejections from participants in the distinct condition were based
on lack of retrieval without explicitly measuring the subjective qualities of participants’ novelty
decisions (Gallo, Kensinger, et al., 2006; Gallo et al., 2010) even when such subjective qualities
are measured for old items (Gallo et al., 2010). Thus, while ‘old’ decisions are often separated
into ‘remember’ and ‘know’ responses, ‘new’ decisions are collapsed into a single response,
despite evidence that there is more than one way to correctly reject lures. Because previous
neuroimaging studies have not separated ‘new’ responses based on the experience of conscious
recollection, such previous studies have likely included aspects of both lack of familiarity and
recollection rejection in their recollection rejection responses.
While both behavioral and neuroimaging studies have demonstrated recall-to-reject
effects in many of the paradigms used to measure true recollection [source memory (Gallo, Bell,
et al., 2006; Gallo et al., 2010), relational memory (Rotello & Heit, 2000), and confidence
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judgments (Dobbins et al., 1998; Rotello et al., 2000)], one critical recollection task has been
adapted for behavioral (Matzen et al., 2011; Meeks, Knight, Brewer, Cook, & Marsh, 2014) but
not neuroimaging studies: the ‘Remember-Know-New’ paradigm (Tulving, 1985). In terms of
true recollection, this task asks participants to report the quality of their memories such that they
respond ‘Remember’ when they can recall specific contextual details about the target while
‘Know’ responses indicate memories based on familiarity. While source judgments and
relational memory have the advantage of being objective measures in which the accuracy of the
recollected details can be assessed, such responses limit the kinds of details that can be
recollected. For example, a person may recall details about what he was thinking or feeling in
response to a stimulus during encoding, which may not be captured in the objective source or
associative judgment. Although subjective confidence judgments are also related to recollection
and familiarity processing, there has been substantial debate in the dual-process literature about
the direct relationship between high confidence responses and recollection (Slotnick & Dodson,
2005; Wixted, 2007). The Remember-Know-New procedure expands the type of details that can
be recalled to constitute recollection response and avoids difficulties associated with translating
confidence judgments into recollection and familiarity. Indeed, behavioral studies have used this
paradigm successfully to show differences in the timecourse of recollection rejection for
semantic as compared to conjunction lures (Matzen et al., 2011) as well as demonstrating
differences in rejection strategies for high frequency and low frequency words (Meeks et al.,
2014). As such, this adaptation of a classic recognition response paradigm represents a crucial
next step in assessing the cognitive and neural basis of recollection rejection in both young and
older adults.
Age differences in recognition novelty: Correct rejections and recall-to-reject. Despite a
substantial literature characterizing aging deficits in true recollection (e.g., Bastin & Van der
Linden, 2003; Davidson & Glisky, 2002; Hay & Jacoby, 1999; Jennings & Jacoby, 1993; Parkin
& Walter, 1992), only a few studies have investigated recollection rejection from an aging
perspective (Cohn et al., 2008; Gallo, Bell, et al., 2006; Gallo, Cotel, Moore, & Schacter, 2007).
Like the above-described studies in young adults, aging studies of recollection rejection have
employed either the distinctiveness heuristic paradigm or a relational memory paradigm
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(described further below). Thus, these studies have made many of the same assumptions as the
previously described studies in young adults with regard to the strategies necessary to reject
different types of lures. As such, the following studies have, like many studies in young adults,
confounded the type of lure with the strategy used to reject that lure.
In the study by Cohn and colleagues (2008), the authors tested young and older adults in
an associative memory test in which items at recognition included intact pairs, rearranged pairs,
pairs with one old item and one completely new item (‘half old’ pairs), and pairs in which both
items were completely new. The purpose of these different types of lures was to separate
processes associated with binding during encoding, which should affect all types of associations,
from strategic retrieval processes such as recollection rejection, which the authors posit should
specifically affect rearranged pairs. The authors found that while young and older adults showed
similar rates of accepting intact pairs and rejecting completely new pairs, older adults showed a
reduced rate of rejecting rearranged pairs. The authors conclude that recollection rejection
processes are impaired in aging over-and-above deficits in true recollection. Further, a study by
Gallo and colleagues (2006) tested young and older adults in a version of the distinctiveness
heuristic paradigm (described above) using lists of related items at study. After the study session,
participants were presented with an ‘exclusion list’ to facilitate correct rejections at retrieval. The
exclusion list included related items that were not presented during the study phase but might
later be presented during the test phase as related lures. Participants were instructed that, during
the test phase, they could remember words presented on the exclusion list as a means to label
them as ‘new’ (recall-to-reject). Results showed that young adults used both the distinctiveness
heuristic (i.e., greater correct rejection rates for studying pictures compared to words) and recallto-reject (i.e., greater correct rejection rates for related lures on the exclusion list compared to
those only presented during retrieval) to reduce false recognitions. Older adults, however, had
difficulty successfully employing either strategy and showed an overall age-related increase in
false recognitions across conditions.
A third study by Gallo and colleagues (2007) also employed the distinctiveness heuristic
paradigm with some items presented only in one format (picture or word) while other items were
presented in both formats. During retrieval, participants completed three types of memory tests.
The first was a standard recognition task in which participants responded ‘yes’ or ‘no’ as to

18

whether the item had been presented during the study phase. The second task asked participants
to decide if each item had been presented as a word and the last whether each item had been
presented as a picture. Results showed that older adults rejected lures at a similar rate as young
adults in the last test in which they were to decide if each item had been presented as a picture.
However, the standard age-related increase in false alarms was still present in the red word test.
The authors posit that the lack of an age deficit in the picture tests suggests that, under certain
experimental circumstances, older adults are able to successfully employ recollection rejection.
In addition to the previously-described issues with confounding the type of stimulus with the
strategy used to reject it, aging studies of recollection rejection are difficult to interpret because
they have used relational memory and source memory paradigms in which older adults often
show robust deficits without taking recollection rejection into account (e.g., Castel & Craik,
2003; Ferguson, Hashtroudi, & Johnson, 1992; Schacter, Osowiecki, Kaszniak, Kihlstrom, &
Valdiserri, 1994). It is therefore difficult to determine whether older adults have difficulty
utilizing recollection rejection of its own right or if age deficits in source and relational memory
contribute to age deficits in these paradigms. Thus, a goal of the present study was to investigate
recollection rejection for items as opposed to associations so as to avoid confounding multiple
potential age deficits in memory.
Regarding age differences in the neural correlates of rejecting lures, to my knowledge
only one such study on this topic exists to date (Bowman & Dennis, in press-a). In this study,
young and older adults studied images of items in categories (e.g., cats, mittens, ladders) and
were later tested on targets, related lures which were new items from studied categories (e.g., a
new cat), and unrelated lures which were new items from unstudied categories (e.g., a backpack).
Age differences in neural processes supporting rejection of lures were then assessed by
comparing neural activity in response to related correct rejections, unrelated correct rejections,
and related false alarms. An ANOVA including both age and trial type factors exhibited three
patterns of age differences. The first pattern showed that older adults, unlike young adults, did
not differentially recruit regions associated with saliency and categorical processing for unrelated
correct rejections, such as the anterior cingulate and bilateral middle/inferior temporal gyrus. The
second pattern showed that, unlike young adults, older adults did not differentially recruit
regions related to novelty success including early visual cortex or anterior hippocampus,
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suggesting that they have difficulty using item-specific details to support related novelty
processing. Lastly, results showed differential patterns of activation between trial types for both
young and older adults in bilateral ventrolateral PFC such that young adults recruited these areas
to negotiate interference from related items whereas older adults recruited this region to support
rejection of all lures, regardless of relatedness. Overall, results from this study suggest that age
deficits in recognition novelty may arise because older adults process related and unrelated lures
similarly and do not capitalize on categorical or item-specific properties of lures at retrieval.
Similar to aging patterns in memory retrieval, results also showed that older adults exhibit the
strongest novelty success activity in frontal regions including the lateral PFC. These PFC regions
have been associated with control and monitoring processes during retrieval, suggesting that
such processes are critical to avoiding false recognitions for older adults.
While the above-described neuroimaging study provides initial evidence regarding the
neural basis of age deficits in novelty recognition, it did not directly assess recall-to-reject
processes. Specifically, as eight exemplars in each category were presented during encoding, it is
very unlikely participants could use recalling exemplars from encoding as a strong basis for
rejecting a related lure at retrieval. While several behavioral studies have examined age
differences in recollection rejection (Cohn et al., 2008; Gallo, Bell, et al., 2006; Gallo et al.,
2007), no neuroimaging study to date has measured neural responses associated with recollection
rejection in older adults. The lack of neuroimaging research on aging effects on recollection
rejection is surprising given the substantial behavioral and neuroimaging evidence for age
deficits in true recollection. The present study is the first to characterize neural responses
underlying age differences in recollection rejection in order to better understand mechanisms
underlying age deficits in recollection processing.

The present study

The present study sought to test young and older adults in a false memory paradigm to measure
age-related differences in the neural basis of recollection rejection. In particular, I used fMRI at
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retrieval in conjunction with a perceptual false memory paradigm in which lures at retrieval
shared perceptual and semantic features with items presented during encoding. There were two
types of these related lures: Lures that were a new exemplar of a studied item (item lures) and
lures that came from a similar category or theme as a studied item (thematic lures; see Figure 1
for examples). Overlap between studied items and lures helped elicit recall-to-reject strategies by
providing cues necessary to elicit retrieval of target items when lures are presented (Kumaran &
Maguire, 2007b; Odegard & Lampinen, 2005). Having two types of related lures ensured that
both recollection rejection and lack of familiarity were used as strategies to reject lures. Retrieval
responses were measured using the adapted ‘Remember-Know-New’ paradigm that separates
‘New’ responses into ‘Unfamiliar’ and ‘Different.’ ‘Unfamiliar’ responses represented a lack of
familiarity or bottom up novelty signal while ‘Different’ responses corresponded to recollection
rejection. This response procedure allowed me to separate correct rejections based on
recollection rejection from those based on lack of familiarity in support of the following goals:
1. Given that both true recollection and recollection rejection are posited to involve
retrieval of specific details of a previous encoding episode, these two types of
memories should show substantial overlap in their neural correlates. The first goal
of the present study was to evaluate overlap in true recollection and recollection
rejection individually within young and older adults as well as to identify
common processes across age groups.
2. Further, the present study sought to identify differences in the neural correlates
supporting true recollection and recollection rejection in order to identify
cognitive and neural processes that show relatively greater engagement for each
type of memory. These differences between trial types were evaluated within
young and older adults individually in addition to assessing the effects of aging on
these processes.
3. In addition to comparisons with true recollection, the present study sought to
evaluate similarities and differences between strategies for rejecting retrieval lures
in young and older adults. To evaluate overlapping processing associated with
rejecting retrieval lures regardless of strategy, a common baseline of false
recognitions was used to identify common processes associated with recollection
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rejection and lack of familiarity responses. Common activity was first assessed
individually within young and older adults followed by common processes across
age groups.
4. Finally, differences in the neural basis of recollection rejection and lack of
familiarity for retrieval lures were assessed to determine cognitive processes that
are engaged to a relatively greater degree for each process. Differential activation
was assessed within each age group before making age comparisons.
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Chapter 2
METHOD

Participants

Participants included 27 young and 27 older adults. Data from all young (19 females,
mean age = 22.19 years, SD = 3.21 year, range = 18-31 years) and older adults (17 females,
mean age = 71.19 years, SD = 7.69, range = 60-84 years) are presented for behavioral analyses.
Data from 9 young adults were excluded from imaging analyses due to failure to complete the
task (1 subject), insufficient trials in a regressor of interest (7 subjects), and movement in excess
of 3 mm within a run (1 subject), leaving data from 18 young adults presented in all
neuroimaging analyses (12 females, mean age = 22.3 years, SD = 3.04 years, range = 18-28
years). Data from 6 older adults were excluded due to technical failures (2 subjects) and
insufficient trials in a regressor of interest (4 subjects), leaving data from 21 older adults reported
for all imaging analyses (12 females, mean age = 70.9 years, SD = 8.21 years, range = 60-84).
All participants were right-handed, native English speakers. All participants were screened for
contraindications for functional magnetic resonance imaging (fMRI), including screening for
health issues affecting blood flow, previous brain trauma, and medications that are known to
affect neural functioning. Further, older adults underwent a neuropsychological battery to screen
for signs of dementia. This battery included the following tasks (and scores for study inclusion):
Mini-Mental State Exam ( > 27), subsets of the WAIS-II including Symbol Search, Digit Symbol
Coding, Symbol Copy, Digit Span, Arithmetic, Letter-Number Sequencing, and Vocabulary (no
more than 1 subtest with scaled score < 5) and the Geriatric Depression Scale ( < 6). See Table 1
for demographic information and mean scores of the neuropsychological battery for the complete
sample of older adults as well as those included in imaging analyses.

23

Table 1
Demographics and neuropsychological test results in older adults
All OAs (n = 27)
M (SD)
Age (years)
71.19 (7.69)
Education (years)
17.37 (2.29)
Cognitive Assessment Tasks
MMSE
29.59 (0.69)
WAIS-III
Symbol Search
12.78 (2.67)
Digit Symbol Encoding
12.56 (3.18)
Symbol Copy
109.78 (22.21)
Digit Span
12.81 (3.34)
Arithmetic
11.22 (3.07)
Letter Number Sequencing
12.26 (4.17)
Vocabulary
12.56 (2.71)
GDS
0.81 (1.04)
OA, older adults; M, mean; SD, standard deviation;
MMSE, MiniMental State Exam; GDS, Geriatric Depression Scale

OA Imaging (n=21)
M (SD)
70.9 (8.21)
17.48 (2.29)
29.67 (0.66)
13.00 (2.79)
12.76 (2.95)
111.38 (19.61)
13.00 (3.67)
11.86 (3.10)
12.38 (4.70)
12.95 (2.67)
0.76 (1.00)

Materials

Stimuli consisted of 316 images of common objects collected from the Band of
Standardized Stimuli (BOSS) database (Brodeur, Dionne-Dostie, Montreuil, & Lepage, 2010) as
well as an internet image search. Images were cropped and resized to an approximate size of 400
x 400 pixels and equated for resolution. Images were displayed at a screen resolution of 1024 (H)
x 768 (V) at 75 Hz. At the viewing distance of 143 cm, the display area was 20 deg (H) x 16 deg
(V) with experimental stimuli subtending 5 (H) x 4 (V) deg.
Encoding items included 96 images, each an exemplar from a distinct category or
conceptual theme (see Appendix B for full listing of categories). This was to ensure that recalling
the target item when a lure is presented would provide sufficient information to reject the lure.
For example, as long as there is only one backpack presented during encoding, recalling the
features of the backpack will allow participants to reject a similar, yet distinct lure backpack
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shown at retrieval. This distinctiveness has been shown to be an important factor in eliciting the
recall-to-reject strategy (Gallo, 2004; Lampinen, Watkins, & Odegard, 2006). At retrieval, these
targets were re-presented in addition to three types of lures (see Figure 1 for example). The first
type of lures was ‘item lures’ which were an alternative exemplar of the same item presented at
encoding. For example, if a backpack were presented during encoding, a backpack of another
color or design would be an item lure. The second type of lures was ‘thematic lures’ which were
a new item within the same general category or theme of an item presented at encoding. In the
above example, a duffle bag would be a thematic lure as it is also a bag, but is not the same type
of exemplar presented during encoding. The third type of lures was ‘unrelated lures’ taken from
categories not presented during encoding.

Figure 1. Stimulus presentation during the encoding and retrieval phases. During encoding,
participants saw individual images presented on the computer screen for 1500 milliseconds
followed by a 500 millsecond fixation cross. During that time, they decided whether the item
presented would fit inside a shoebox. During the retrieval phase, participants were be presented
with targets, item lures, thematic lures, and unrelated lures for 3 seconds each. During that time
they were be asked to make a recognition judgment using the adaptation of the ‘remember-knownew’ paradigm.
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To ensure that participants perceived target and items lures to be more related to one
another than targets and thematic lures, a norming study was conducted with 15 Penn State
undergraduates (11 females; mean age = 19.7, SD = 1.6) as well as 5 older adults1 (3 females;
mean age = 74.2, SD = 8.64) from Centre County, PA. Participants were shown two images from
each category at a time and had 4 seconds to make a relatedness rating on a 5 point scale (1 = not
related, 2 = slightly related, 3 = moderately related, 4 = strongly related, and 5 = nearly
identical). Participants were told that items could be considered related if they 1) looked similar
2) belonged to a similar category 3) could be used for a similar purpose or 4) were similar in any
other important way that they could think of. Participants were presented with 104 categories and
made 3 relatedness judgments for each category, corresponding to the three types of item
comparisons possible for each category (i.e., target – item lure; target – thematic lure; item lure –
thematic lure). Once participants completed all relatedness judgments for all categories,
participants made relatedness judgments for each unrelated lure. These items were presented
individually on the computer screen and participants were asked to make relatedness judgments
on the previously described 5-point scale based on each item’s relatedness to any item presented
previously in the experiment. That is, participants were asked for each item to try and think of an
item from the experiment that was related to the currently presented item. If they could not think
of such an item, participants were instructed to rate that item as a 1 (not related). If participants
could think of one or more related items, they were instructed to make their rating based on the
single most related item that they could think of. Participants were presented with 30 unrelated
items and were given 7 seconds to make each rating.
Based on the results from this norming study, 8 categories were not included in the final
experimental task and 2 unrelated lures were eliminated. Results from this norming study are
presented as part of Appendix B, including the mean rating and standard deviation for each type
of comparison. Means and standard deviations are presented for each age group separately.
Although the sample was small, a 2 (Age: young, older) x 2 (Comparison Type: target – item
lure, target – category lure) ANOVA was conducted to test for age differences in the perceived
Due to computer malfunction, one older adult was missing data for the unrelated portion of the
study.
1
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relatedness between items. Given that older adults tend to show higher rates of false recognition,
it was necessary to ensure that any effect of aging in false memory would not be a result of older
adults perceiving the stimuli as more related than young adults perceive them. This analysis
revealed a main effect of Comparison Type [F(1,18) = 173.83, p < 0.001]. Post-hoc comparisons
revealed that targets and item lures were viewed as more related to one another than targets and
thematic lures. Regarding age differences, there was no significant main effect of age [F(1,18) =
0.32, p > 0.5] nor was there a significant interaction [F(1,18) = 1.41, p > 0.9]. Thus, the norming
study shows that item lures are perceived as more related to targets than category lures are and
that this effect did not vary by age, suggesting that any behavioral age differences in memory
responses are in fact memory related and not merely due to differential perceptions of the stimuli
themselves.

Experimental Procedure

Participants completed the encoding and retrieval phases in a single session. The
encoding phase took place inside the scanner and will be used for a separate analysis. Encoding
was incidental and participants were instructed to make a size judgment about each of 96 items
(i.e., is this item bigger or smaller than a shoebox?). Each image was presented for 1500 ms
followed by 500 ms additional responding time before automatically advancing to the next item.
Each item was followed by a variable inter-trial fixation (M= 2470 ms, SD = 1760 ms). Images
were displayed by COGENT in MATLAB (MathWorks).
Following the encoding phase, participants underwent structural scans before beginning
the retrieval task. After the structural scans, participants were given instructions for retrieval and
completed several practice trials. Altogether, there were approximately 10 minutes in between
the end of the encoding phase and the beginning of retrieval. During retrieval, participants
completed four runs of the task, each lasting approximately 7 minutes. Images were projected
onto a screen that participants viewed through a mirror attached to the head coil. Participants
were presented with all 96 studied items (targets), both the item and thematic lures from each of
the encoding categories (96 of each), and 28 unrelated lures. Behavioral responses were
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recorded using a response box. Scanner noise was reduced with headphones and cushioning was
used to reduce head motion. All stimulus categories were presented in an intermixed fashion
during each run, pseudo-randomly ordered to ensure that no more than three stimuli of the same
category were presented sequentially. Each stimulus was displayed for 3 seconds while
participants made their responses in the adapted ‘Remember-Know-New’ paradigm. Each trial
was followed by a variable inter-trial interval (jitter; M= 2340 ms, SD= 1440 ms) to aid in
deconvolving the hemodynamic response (Dale, 1999). In accord with typical instructions for the
remember-know-new paradigm, participants were asked to respond ‘Remember’ if they believed
that the item was presented during the first phase of the experiment, and they remembered
specific, vivid details of its prior presentation. Participants were instructed to respond ‘Know’ if
they believed the item was presented during the first phase but they could not recall specific
details about its prior presentation. However, instead of the typical ‘New’ response, participants
were asked to respond with two distinct ‘new’ options - ‘Unfamiliar’ or ‘Different.’ They were
instructed to respond ‘unfamiliar’ if they believed an item was not presented during the first
phase of the experiment because it did not resemble or bring to mind anything from the previous
encoding phase. Participants were instructed to respond ‘Different’ if they believe the item was
not previously presented and they could recall aspects of truly presented items that provided
evidence that this item was not presented (for full instructions, see Appendix A). After
completing the retrieval task, participants completed a debriefing questionnaire that asked about
their strategies during the task.

fMRI Acquisition

Images were acquired using a Siemens 3T scanner equipped with a 12-channel head coil. A
T1-weighted sagittal localizer was acquired to locate the anterior and posterior commissures.
Images were then prescribed at an oblique angle that prevented data collection in the area of the
orbits. An MPRAGE was acquired in the sagittal plane with a 1650 millisecond repetition time,
2.03 millisecond echo time, 256 mm field of view, 2562 matrix, 160 sagittal slices, and 1 mm
slice thickness for each participant. Echoplanar functional images were acquired using a
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descending acquisition, 2500 millisecond repetition time, 25 millisecond echo time, 240 mm
field of view, an 802 matrix, 42 axial slices with 3 mm slice thickness, resulting in 3 mm
isotropic voxels. Ninety-one volumes were collected in each of two functional runs of the
encoding task. One hundred and seventy-five volumes were collected in each of four functional
runs of the retrieval task.

Image processing

Functional data were preprocessed and analyzed with SPM8 (Statistical Parametric
Mapping; Wellcome Department of Cognitive Neurology, http://www.fil.ion.ucl.ac.uk/spm).
Images were first checked for movement and scanner artifacts using a time series diagnostic
function TSDiffAana (Freiburg Brain Imaging) in MATLAB (MathWorks). Data were then
spatially realigned in order to correct for motion artifacts and co-registered to each individual’s
high resolution anatomical image. Functional images were spatially normalized to a standard
stereotaxic space using the Montreal Neurological Institute templates implemented in SPM8.
Finally, the volumes were spatially smoothed using a 6-mm isotropic Gaussian kernel.

fMRI analyses

Trial-related activity was modeled in the General Linear Model with a stick function
corresponding to trial onsets convolved with a canonical hemodynamic response function (hrf).
Statistical parametric maps for each participant were identified by applying linear contrasts to the
beta weights for the events of interest. Regressors were defined by crossing response options
(remember, know, different, unfamiliar) with stimuli types (target, related lure2, unrelated lure).

2

Imaging analyses for recollection rejection collapsed across item and thematic lures for

the purposes of the current study as an initial set of analyses that address the fundamental
questions associated with the neural correlates of strategies to correctly reject retrieval lures. A
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Individual regressors were defined for each response to targets, leading to four regressors
associated with target items (true recollection, true familiarity, misses based on recollection
rejection, and misses based on lack of familiarity). While the two regressors for misses were not
used in any contrast of interest, a goal of future analyses is to collapse across these regressors
due to low power in order to ensure stability of the model. For related lures, individual regressors
were defined for ‘different’ (recollection rejection) and ‘unfamiliar’ (lack of familiarity3)
responses while ‘remember’ and ‘know’ responses were collapsed into a single regressor due to
low power (related false alarms). Lastly, two regressors were defined for unrelated lures:
‘different’ and ‘unfamiliar’ responses (unrelated correct rejection) and ‘remember’ and ‘know’
responses (unrelated false alarm). In addition, six regressors corresponding to six motion
parameters were included as regressors of no interest. For further information regarding the
average number of trials included in each regressor see Table 2. Information about the definition
of contrasts is presented below.

future direction of the project will be to assess differences in rejection strategies based on the
nature of retrieval lures.
3

Unrelated lures were not included as part of this analysis as results indicated that very

few of unrelated lures are rejected using the recall-to-reject strategy. Thus, contrasts associated
with unfamiliar responses would include an entire stimulus class that would not also be
associated with recollection rejection, confounding rejection strategy with the type of stimulus.
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Table 2

Range and of number of responses for each regressor in imaging analyses
YA (n = 18)
OA (n = 21)
Range (M)
Range (M)
Targets
Recollection
29-72 (51.05)
21-82 (53.86)
Familiarity
11-41 (25.00)
10-58 (25.62)
Recollection miss*
3-29 (14.12)
0-25 (11.14)
Unfamiliar miss*
1-10 (4.82)
0-20 (4.71)
Related Lures
False alarm
12-117 (34)
16-130 (66.81)
Recollection rejection
41-125 (83.88) 10-126 (58.57)
Lack of familiarity
34-103 (72.65) 25-108 (64.90)
Unrelated Lures
False alarm
0-2 (0.53)
0-7 (0.71)
Correct rejection
26-28 (27.29)
20-28 (27.10)
OA = older adult; YA = young adult
*These two response options will be collapsed into a single ‘miss’ response for future
analyses
To determine a threshold that was corrected for multiple comparisons, Monte Carlo
simulations were implemented in AlphaSim to define individual voxel and cluster extent
thresholds. This procedure takes into account the acquisition matrix (80 x 80), number of slices
(42), voxel dimensions (3 x 3 x 3), smoothing kernel (6 mm), and resampling of voxels (none in
the current study) in order to simulate data and estimate the rate of Type I error given the
protocol parameters. For all contrast analyses (including ANOVAs), an uncorrected threshold of
p < 0.005 was used in combination with a cluster extent threshold of 36 voxels in order to
identify results corrected for multiple comparisons at p < 0.05. For conjunction analyses, results
are presented at a conjoint threshold of p < 0.000025 uncorrected (Fisher, 1950) and 7 voxels.
This voxel extent was identified via AlphaSim using the conjoint uncorrected p value as opposed
to the uncorrected p values of the individual contrasts (i.e., p < 0.005). Age group comparisons
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were evaluated by identifying regions within individual group maps that additionally showed age
differences at a threshold of p < 0.005 uncorrected and 36 voxels.
Within-group analyses. For each age group, analyses were divided into two main
groups: 1) those evaluating the relationship between recollection rejection and true recollection
and 2) those evaluating the relationship between strategies for rejecting lures, namely
recollection rejection and lack of familiarity.
Recollection rejection and true recollection. In order to define brain regions
demonstrating a true recollection effect, a contrast of True Recollection > True Familiarity was
performed. In order to define brain regions showing a recollection rejection effect, a contrast of
Recollection rejection > Lack of familiarity was performed. In order to identify common neural
regions associated with recollection rejection and true recollection, a conjunction procedure was
performed using the previously-defined contrasts. In order to determine neural differences
associated with true recollection and recollection rejection, a 2 (Stimulus: target, lure) x 2
(Response: recollection-based, familiarity-based) ANOVA was computed and the interaction
effect examined.
Recollection rejection and lack of familiarity. In order to determine brain regions that
support successful responses to lures, each type of correct rejection (i.e., recollection rejection
and lack of familiarity) were compared to false recognitions. In order to identify common neural
activity supporting success for both strategies, a conjunction of the previously-defined contrasts
was performed. In order to determine neural differences associated with the two strategies, direct
comparisons between recollection rejection and lack of familiarity were performed within
success regions identified previously (i.e. Recollection rejection > Lack of familiarity with an
inclusive mask of Recollection rejection > False recognition; Lack of familiarity > Recollection
rejection with an inclusive mask of Lack of familiarity > False recognition).
Age comparison analyses. As with individual age group analyses, the goals of the age
comparisons were two-fold: To assess the effects of age on the neural basis of 1) the relationship
between recollection rejection and true recollection processing and 2) strategies for rejection
lures at retrieval, namely recollection rejection and lack of familiarity.
Recollection rejection and true recollection. To assess the effects of age on true
recollection, a conjunction across age groups was performed on the contrast True recollection >
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True familiarity, which evaluated areas of common activation across young and older adults.
Age differences associated with true recollection were identified by comparing groups directly in
the above contrast, assessing both age-related increases in activation (i.e., Old > Young) and agerelated reductions in activation (i.e., Young > Old). Recollection rejection effects were assessed
first by identifying common activation across age groups in the contrast Recollection rejection >
Lack of familiarity using a conjunction analysis. As above, age differences were identified by
comparing groups in this recollection rejection contrast in terms of both age-related increases
and age-related reductions in neural activity. Common activity across age groups associated with
recollection rejection and true recollection was identified using a conjunction across age groups
for each contrast. Finally, age differences associated with differences between recollection
rejection and true recollection were assessed using a 2 (Age: young, older) x 2 (Response: true
recollection, recollection rejection) ANOVA and the interaction effect examined.
Recollection rejection and lack of familiarity. To assess the effects of age on recollection
rejection success, a conjunction across age groups was performed on the contrast Recollection
rejection > False recognition to measure common activation across young and older adults. Age
differences associated with recollection rejection success were identified by comparing groups
directly in the above contrast, assessing both age-related increases and age-related reductions in
activation. Lack of familiarity effects were assessed first by identifying common activation
across age groups in the contrast Lack of familiarity > False recognition using a conjunction
analysis. Age differences were also assessed in this contrast, looking for age-related increases
and reductions in neural activity. Age differences associated with the two correct rejection
strategies were assessed with direct comparisons between age groups within each success
contrast, evaluating both age-related increases and age-related reductions in neural activity.
Lastly, a 2 (age: young, old) x 2 (correct rejection type: recollection rejection, lack of familiarity)
ANOVA was computed in order to assess differential effects of aging on the two strategies for
rejecting retrieval lures.

Chapter 3
RESULTS

Behavioral

Young adults. First, in order to verify that the present results replicated previous
behavioral studies demonstrating that related lures are rejected at a lower rate than unrelated
lures, a one-way, repeated-measures ANOVA was computed, collapsing across all ‘new’
responses (i.e., ‘unfamiliar’ and ‘different’) for targets, related lures (i.e., item and thematic
lures), and unrelated lures (for a complete listing of means and standard errors, see Table 3).
Results revealed a significant effect of trial type [F(2, 52) = 594.15, p < 0.001] with Bonferroni
post-hoc tests indicating that both related and unrelated lures were labeled as ‘new’ at a
significantly higher rate than targets were labeled ‘new.’ Additionally, and consistent with a
large literature on false memories, related lures were rejected at a significantly lower rate than
were unrelated lures. When a similar one-way ANOVA was computed separating related lures
into item and thematic lures, results again revealed a significant effect of trial type [F(1.7, 44.9)
= 321.39, p < 0.001, with a Greenhouse-Geisser correction4] and Bonferroni post-hoc tests
indicated that all three types of lures were labeled new at a higher rate than were targets.
Consistent with the high degree of semantic and perceptual overlap between item lures and
targets, item lures were labeled as ‘new’ at a lower rate than both thematic lures and unrelated
lures. However, when collapsing across ‘unfamiliar’ and ‘different’ responses, the difference in
correct rejection rates for thematic lures and unrelated lures was only marginally significant (p =
0.07; see Table 3 for means and standard deviations). Thus, behavioral results generally replicate
previous studies demonstrating that lures sharing semantic and perceptual overlap with studied
items (i.e., related lures) are rejected at a lower rate than more distinct lures (i.e., unrelated
lures).
4

Where noted, Greenhouse-Geissner corrections were utilized to correct for violations of sphericity (i.e., p < 0.1 on
a Mauchly’s test of sphericity). If no such correction is noted, then there was no evidence that this assumption was
violated.
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As a second step, a one-way, repeated-measures ANOVA was computed using
‘different’ responses to targets, related lures, and unrelated lures. This analysis served to test the
hypothesis that related lures are more likely to elicit a recollection rejection process than lures
that are distinct from targets (i.e., unrelated lures). Results once again revealed a significant
effect of trial type [F(1.4, 37.7) = 123.14, p < 0.001, with a Greenhouse-Geisser correction].
Bonferroni post-hoc tests revealed that, consistent with predictions, related lures were associated
with significantly higher recollection rejection rates when compared to both targets and unrelated
lures. Additionally, targets were associated with a significantly higher recollection rejection rate
than unrelated lures. When a similar analysis was computed separating related lures into item
and thematic lures, results once again revealed a significant effect of trial type [F(2, 53.3) =
92.85, p < 0.001, with a Greenhouse-Geisser correction] and Bonferroni post-hoc tests indicated
that item lures were rejected based on recollection rejection at a higher rate than all other trial
types. In addition, thematic lures were rejected based on recollection rejection at a higher rate
than either targets or unrelated lures. Finally, consistent with the above-described analysis,
targets were associated with a significantly higher recollection rejection rate than unrelated lures
(see Table 3 for means and standard deviations and Figure 2 for graphical representation). Taken
together, these results indicate that the degree of similarity between targets and lures affects the
likelihood that recollection rejection will be utilized to reject lures.
Finally, to test the hypothesis that unrelated lures – lures that are relatively distinct from
targets – are typically rejected based on lack of familiarity or novelty detection, a one-way,
repeated-measures ANOVA was computed on ‘unfamiliar’ responses to targets, related lures,
and unrelated lures. Results revealed a significant effect of trial type [F(2, 52) = 1067.02, p <
0.001] with post-hoc tests indicating that unrelated lures were associated with the highest rates of
‘unfamiliar’ responses, significantly greater than either targets or related lures. Additionally,
related lures were rejected based on lack of familiarity at a higher rate than target items. When a
similar analysis was performed separating related lures into item and thematic lures, results
demonstrated a significant effect of trial type [F(1.5, 39.3) = 527.62, p < 0.001, with a
Greenhouse-Geisser correction] such that unrelated lures were significantly more likely to be
labeled ‘unfamiliar’ than any other trial type. Thematic lures were significantly more likely to be
labeled as ‘unfamiliar’ compared to either item lures or targets. Lastly, item lures were labeled
‘unfamiliar’ at a higher rate than targets (see Table 3 for means and standard deviations). Taken
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together, behavioral results suggest that items are more likely to be associated with a novelty
detection signal the more dissimilar they are from target items.
In addition to assessing behavioral differences in accuracy, an ANOVA was computed to
test for differences in reaction time across recollection-based and familiarity-based responses. A
2 (Stimulus type: target, lure) x 2 (Memory response: recollection-based, familiarity-based)
repeated-measures ANOVA revealed a significant main effect of memory response [F(1, 26) =
37.75, p < 0.001] and a stimulus x memory response interaction [F(1, 26) = 130.75, p < 0.001].
Post-hoc tests indicated that familiarity-based responses (i.e., lack of familiarity and true
familiarity; M = 1740, SE = 46.60) were slower than recollection-based responses (i.e.,
recollection rejection and true recollection; M = 1501, SE = 36.89). However, this main effect
was qualified by the interaction which showed that recollection-based responses were faster than
familiarity-based responses for targets [t (26) = 11.50, p < 0.001] while response times for
recollection-based and familiarity-based responses to lures did not differ significantly [t (26) =
1.71, p = 0.10].
Older adults. Analyses similar to those described above were computed within the older
adult sample (for a complete listing of means and standard deviations, see Table 3). To begin, a
one-way, repeated-measures ANOVA was computed for all ‘new’ responses to targets, related
lures, and unrelated lures. As in young adults, results revealed a significant effect of trial type
[F(2, 52) = 465.87, p < 0.001] such that unrelated lures were rejected at a significantly higher
rate that either related lures or targets. Additionally, related lures were labeled as ‘new’ at
significantly higher rates than were targets. A similar analysis separating related lures into item
and thematic lures showed similar results. Specifically, there was a significant effect of trial type
[F(2.4, 62.9) = 349.13, p < 0.001, with a Greenhouse-Geisser correction] such that unrelated
lures were labeled ‘new’ at significantly higher rates than another other stimulus type. Further,
thematic lures were labeled as ‘new’ at significantly higher rates than either item lures or targets
while item lures were also labeled ‘new’ at a rate significantly higher than that for targets.
Together, these results largely mirror those found in young adults, indicating that older adults
reject lures at lower rates when lures share semantic and perceptual properties with studied items
as compared to lures that are relatively distinct from studied items.
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To assess the relationship between stimulus type and recollection rejection processes, a
one-way, repeated-measures ANOVA was computed comparing recollection rejection rates to
targets, related lures, and unrelated lures. As in young, results revealed a significant effect of trial
type in older adults [F(1.6, 41.6) = 24.65, p < 0.001, with a Greenhouse-Geisser correction].
Older adults showed significantly higher recollection rejection rates for related lures compared to
both targets and unrelated lures. Recollection rejection rates between targets and unrelated lures
did not differ significantly. When recollection rejection rates for related lures were evaluated
separately for item and thematic lures, results again showed an effect of trial type [F(1.8, 45.6) =
22.15, p < 0.001, with a Greenhouse-Geisser correction]. Comparisons between trial types
revealed that older adults responded with recollection rejection at a significantly higher rate for
item lures compared to any other trial type. Thematic lures also elicited higher rates of
recollection rejection responses when compared to both targets and unrelated lures. As stated
previously, recollection rejection rates did not differ between targets and unrelated lures (see
Table 3 for means and standard deviations and Figure 2 for a graphical depiction of results).
Overall, results in terms of recollection rejection rates showed similar patterns to those in young
adults and were consistent with the prediction that high similarity between targets and lures
would elicit increased use of recollection rejection processes compared to dissimilar lures.
To test the hypothesis that distinctive lures are more likely than similar lures to be
rejected based on lack of familiarity, a one-way, repeated-measure ANOVA was computed on
‘unfamiliar’ rates to targets, related lures, and unrelated lures. Results confirmed this prediction,
showing a significant effect of stimulus type [F(1.2, 32.4) = 274.22, p < 0.001, with a
Greenhouse-Geisser correction] such that unrelated lures were rejected based on lack of
familiarity at significantly higher rates than both related lures and targets. Related lures were also
associated with a higher unfamiliar rate than targets. When a similar analysis was computed with
related lures separated by item and thematic lures, there was once again a significant effect of
trial type [F(1.4, 36.9) = 260.15, p < 0.001, with a Greenhouse-Geisser correction]. Comparisons
between trial types revealed that unrelated lures were associated with the highest rate of
‘unfamiliar’ responses. In addition, thematic lures were associated with higher rates of
‘unfamiliar’ responses compared to both item lures and targets while item lures were also
associated with higher ‘unfamiliar’ response rates compared to targets. Overall, as in young
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adults, these results suggest a graded lack of familiarity response based on the degree of
relatedness between targets and lures.
In addition to assessing behavioral differences in accuracy, an ANOVA was computed to
test for differences in reaction time across recollection-based and familiarity-based responses. A
2 (Stimulus type: target, lure) x 2 (Memory response: recollection-based, familiarity-based)
repeated-measures ANOVA revealed a significant main effect of stimulus type [F(1, 26) = 4.91,
p < 0.05], a main effect of memory response [F(1, 26) = 4.78, p < 0.05] and a stimulus x memory
response interaction [F(1, 25) = 88.09, p < 0.001]. Bonferroni post-hoc tests revealed that
responses to related lures (M = 1932, SE = 56.89) were slower than those to targets (M =
1848.58, SE = 46.30). The main effect of memory response indicated that familiarity-based
responses (i.e., lack of familiarity and true familiarity; M = 1934, SE = 55.59) were slower than
recollection-based responses (i.e., recollection rejection and true recollection; M = 1846.86, SE =
48.71). However, these main effects were qualified by the interaction which showed that true
familiarity responses were significantly slower than true recollection [t(26) = 8.2, p < 0.001] and
lack of familiarity responses [t(26) = 5.45, p < 0.001]. Similarly, recollection rejection responses
were slower than both true recollection [t(26) = 11.46, p < 0.001] and lack of familiarity
responses [t(26) = 6.88, p < 0.001]. While true recollection responses were also made
significantly faster than lack of familiarity responses [t(26) = 3.87, p < 0.01], there was no
significant difference in reaction time between true familiarity and recollection rejection [t(26) =
0.05, p > 0.9]. Taken together, the interaction revealed that both true recollection and lack of
familiarity responses are made more quickly than either true familiarity and recollection rejection
responses.
Age Comparisons. To assess the effect of age on ‘New’ responses, a 2 x 3 mixed factor
ANOVA was computed with Age (young, older) as a between subjects factor and Stimulus Type
(target, related lure, unrelated lure) as a within subjects factor. Results revealed a significant
main effect of Age [F(1,52) = 8.85, p < 0.005], a main effect of Stimulus Type [F(2,104) =
1039.05, p < 0.001], and a significant Age x Stimulus Type interaction [F(2,104) = 11.13, p <
0.001]. Regarding the main effect of Age, post-hoc tests demonstrated that young adults (M =
0.66, SE = 0.02) responded ‘New’ at significantly higher rates than older adults (M = 0.59, SE =
0.02). Regarding the main effect of Stimulus Type, results showed that unrelated lures (M =
0.96, SE = 0.02) were rejected at a higher rate than either related lures (M = 0.73, SE = 0.02) or
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targets (M = 0.18, SE = 0.12). Related lures were also labeled ‘New’ at a higher rate than targets.
Regarding the interaction effect, post-hoc tests revealed no age differences in rates of responding
‘New’ to targets and unrelated lures (p’s > 0.3) but a significant age-related deficit in rejecting
related lures [t(52) = 4.35, p < 0.001].
To test similar effects taking into account both types of related lures separately, a 2 (Age:
young, older) x 4 (Stimulus Type: target, item lure, thematic lure, unrelated lure) mixed-factor
ANOVA was computed. Results revealed a significant main effect of Age [F(1,52) = 12.64, p <
0.005], a significant main effect of Stimulus Type [F(2.1, 109.8) = 654.61, p < 0.001, with a
Greenhouse-Geisser correction], and a significant Age x Stimulus Type interaction [F(2.1,
109.8) = 15.1, p < 0.001, with a Greenhouse-Geisser correction]. Regarding the main effect of
Age, as above, young adults (M = 0.70, SE = 0.02) were more likely than older adults (M = 0.60,
0.02) to label an item as ‘New.’ Regarding the main effect of Stimulus Type, post-hoc tests
revealed that unrelated lures were labeled ‘New’ (M = 0.96, SE = 0.02) at a significantly higher
rate than any other stimulus type. Thematic lures (M = 0.88, SE = 0.02) were labeled ‘New’ at a
significantly higher rate than item lures (M = 0.57, SE = 0.03) or targets (M = 0.18, SE = 0.12),
and item lures were labeled ‘New’ at higher rates than targets. The Age x Stimulus Type
interaction demonstrated no age differences in ‘New’ response rates to targets and unrelated
lures (as stated above) but significant age-related decreases in ‘New’ responses to both item
[t(52) = 4.81, p < 0.001] and thematic lures [t(52) = 2.68, p < 0.05]. Taken together, these results
replicate previous research demonstrating an age-related deficit in rejecting retrieval lures when
those are related to studied items.
To assess the effect of age on recollection rejection processing, a 2 (Age: young, older) x
3 (Stimulus Type: target, related lure, unrelated lure) mixed-factor ANOVA was performed on
recollection rejection responses. Results revealed a marginal main effect of Age [F(1,52) = 3.02,
p = 0.09], a significant main effect of Stimulus Type [F(1.8,93.7) = 111.76, p < 0.001, with a
Greenhouse-Geisser correction], and a significant Age x Stimulus Type interaction [F(1.8,93.7)
= 6.70, p < 0.005]. Regarding the marginal main effect of Age, there was a trend toward young
adults (M = 0.21, SE = 0.02) showing higher recollection rejection rates than older adults (M =
0.17, SE = 0.02); however, this effect did not reach significance. Regarding the significant main
effect of Stimulus Type, post-hoc tests revealed that related lures (M = 0.37, SE = 0.02) were
associated with a higher recollection rejection rate than either unrelated lures (M = 0.07, SE =
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0.02) or targets (M = 0.12, SE = 0.01). Targets were also associated with higher recollection
rejection rates than unrelated lures. Regarding the significant Age x Stimulus Type interaction,
comparisons demonstrated no age differences in recollection rates to targets or unrelated lures
coupled with an age-related decrease in recollection rejection rates to related lures [t(52) = 3.04,
p < 0.005].
To test the effect of item and thematic lures on age differences in recollection rejection
responses, a 2 (Age: young, older) x 4 (Stimulus Type: target, item lure, thematic lure, unrelated
lure) mixed-factor ANOVA was performed on recollection rejection rates. Results revealed a
significant main effect of Age [F(1,52) = 5.38, p < 0.05], a main effect of Stimulus Type [F(2.1,
108.6) = 95.63, p < 0.001, with a Greenhouse-Geisser correction], and a significant Age x
Stimulus Type interaction [F(2.1, 108.6) = 13.29, p < 0.001, with a Greenhouse-Geisser
correction]. Regarding the main effect of Age, young adults (M = 0.26, SE = 0.02) responded
with recollection rejection at a higher rate than did older adults (M = 0.20, SE = 0.02). The main
effect of Stimulus Type showed that item lures (M = 0.44, SE = 0.03) were associated with
higher rates of recollection rejection responses than any other stimulus type. Thematic lures (M =
0.29, SE = 0.02) were also rejected based on recollection rejection at a higher rate than targets (M
= 0.12, SE = 0.01) and unrelated lures (M = 0.07, SE = 0.02) while targets were associated with
higher recollection rejection rates than unrelated lures. However, results from the Age x Stimulus
Type interaction revealed that the difference in recollection rates between item and thematic
lures was driven by young adults showing a significantly higher recollection rejection rate for
item as compared to theme lures [t(26) = 7.03, p < 0.001]. Older adults did not show differential
rates of recollection rejection for item and thematic lures [t(26) = 0.85, p > 0.4]. Further, item
lures were the only stimulus type in which older adults showed a significant age reduction in
recollection rates [t(52) = 4.55, p < 0.001] (see Figure 2).
To evaluate age differences associated with lack of familiarity responses, a 2 (Age:
young, older) x 3 (Stimulus Type: target, related lure, unrelated lure) mixed-factor ANOVA on
lack of familiarity rates was performed. Results revealed no significant main effect of Age
[F(1,52) = 1.42, n.s.], a significant main effect of Stimulus Type [F(1.5, 79.7) = 894.92, p <
0.001, with a Greenhouse-Geisser correction], and no significant Age x Stimulus Type
interaction [F(1.5, 79.7) = 0.57, n.s.]. Regarding the main effect of Stimulus Type, results
revealed increasing novelty responses from targets to related lures to unrelated lures.
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Specifically, unrelated lures (M = 0.89, SE = 0.03) were labeled as unfamiliar at higher rates than
both related lures (M = 0.36, SE = 0.02) and targets (M = 0.06, SE = 0.01) while related lures
were labeled as unfamiliar at a higher rate than were targets. Results did not provide evidence for
age differences in this novelty response.
In order to evaluate age differences in novelty responses separately for item and thematic
lures, a 2 (Age: young, older) x 4 (Stimulus Type: target, item lure, thematic lure, unrelated lure)
mixed-factor ANOVA was computed on lack of familiarity rates for each type of stimulus. As in
the previous analysis of novelty responses, there was no significant main effect of Age, but there
was a significant main effect of Stimulus Type [F(2, 101.8) = 712.27, p < 0.001, with a
Greenhouse-Geisser correction]. The interaction also did not reach significance. Regarding the
effect of Stimulus Type, there was once again a graded novelty effect: unrelated lures (M = 0.89,
SE = 0.03) were associated with a higher lack of familiarity rate than any other stimulus type.
Thematic lures (M = 0.59, SE = 0.03) were rejected based on lack of familiarity at a higher rate
than item lures (M = 0.13, SE = 0.01) and targets (M = 0.06, SE = 0.01). Lastly, item lures were
associated with a higher lack of familiarity rate than targets. There was no evidence of age
differences in lack of familiarity responses across levels of relatedness (see Figure 2).
In addition to assessing behavioral differences in accuracy, an ANOVA was computed to
test for age differences in reaction time across recollection-based and familiarity-based
responses. A 2 (Age: young, old) x 2 (Stimulus type: target, lure) x 2 (Memory response:
recollection-based, familiarity-based) mix effects ANOVA was computed. Results revealed a
significant effect of stimulus type [F(1, 52) = 7.22, p < 0.05]: Post-hoc tests revealed that related
lures (M = 1789, SE = 35.35) were associated with slower reaction times than targets (M = 1721,
SE = 30.55). There was also a significant main effect of memory response [F(1, 52) = 34.19, p <
0.001]: familiarity-based responses (M = 1837, SE = 36.27) were slower than recollection-based
responses (M = 1674, SE = 30.55). There was also a main effect of age [F(1, 52) = 19.65, p <
0.001]: older adults (M = 1891, SE = 43.12) were slower overall than young adults (M = 1620,
SE = 43.12). In addition to the main effects, there was a significant stimulus x memory response
x age group interaction [F(1, 52) = 9.69, p < 0.005] which included a significant age x memory
response interaction [F(1, 52) = 7.35, p < 0.05] but no significant age x stimulus type interaction
[F(1, 52) = 0.39, p = 0.54]. Post-hoc tests revealed that older adults showed significantly slower
responses for true recollection [t(52) = 3.75, p < 0.001], true familiarity [t(52) = 3.19, p < 0.005]
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and recollection rejection [t(52) = 6.26, p < 0.001] but no significant difference in response time
for lack of familiarity [t(52) = 1.32, p > 0.15].
Table 3
Mean and standard deviation of response rates and reaction times (in ms) for each trial type for
each age group
YA (n = 27)
OA (n = 27)
M (SD)
M RT (SD)
M (SD)
M RT (SD)
Targets
Recollection
0.59 (0.15)
1325 (192)
0.58 (0.17)
1550 (266)
Familiarity
0.20 (0.12)
1866 (283)
0.25 (0.14)
2147 (342)
Recollection miss
0.13 (0.07)
1796 (218)
0.11 (0.07)
2172 (338)
Lack of familiarity
0.06 (0.05)
1653 (455)
0.05 (0.05)
1987 (387)
Item Lures
Recollection false alarm 0.10 (0.07)
1550 (300)
0.25 (0.12)
1683 (288)
Familiarity false alarm
0.20 (0.18)
1965 (366)
0.30 (0.16)
2164 (305)
Recollection rejection
0.57 (0.20)
1653 (218)
0.32 (0.20)
2150 (350)
Lack of familiarity
0.13 (0.07)
1732 (388)
0.13 (0.09)
1794 (427)
Thematic Lures
Recollection false alarm 0.01 (0.02)
1456 (670)
0.04 (0.05)
1798 (310)
Familiarity alarm
0.05 (0.08)
1899 (443)
0.11 (0.09)
2283 (400)
Recollection rejection
0.29 (0.15)
1726 (245)
0.29 (0.16)
2137 (290)
Lack of familiarity
0.63 (0.18)
1512 (226)
0.55 (0.19)
1648 (350)
Unrelated Lures
Recollection false alarm 0 (0.01)
1945 (79)
0 (0.01)
1716 (n/a)
Familiarity false alarm
0.02 (0.02)
2119 (553)
0.02 (0.05)
2089 (293)
Recollection rejection
0.06 (0.05)
1647 (507)
0.08 (0.19)
1376 (458)
Lack of familiarity
0.92 (0.07)
1359 (251)
0.87 (0.24)
2239 (396)

fMRI results

Young adults. In order to identify the neural basis of true recollection, ‘Remember’
responses to targets were compared to ‘Familiar’ responses to targets, thus identifying processes
associated with recollection above-and-beyond that of familiarity. Results revealed neural
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activation in brain regions typically associated with the subjective ‘recollection network,’
including ventromedial/dorsomedial PFC and anterior cingulate, posterior cingulate cortex, right
fusiform gyrus/inferior temporal cortex, and bilateral anterior hippocampus. In order to identify
the neural basis of recollection rejection, ‘Different’ responses to related lures were compared to
‘Unfamiliar’ responses to related lures. Results revealed activation in fronto-parietal regions
including bilateral superior, middle, and inferior frontal gyri, the precuneus, bilateral superior
and inferior parietal cortices, bilateral angular gyrus, and right supramarginal gyrus. In addition
to the aforementioned fronto-parietal regions, portions of bilateral ventral visual cortex including
the fusiform gyrus and inferior temporal gyrus showed recollection rejection effects. Finally,
recollection rejection effects were also found in bilateral striatum. In order to identify common
neural processes associated with true recollection and recollection rejection, a conjunction
between the above-described individual contrasts was computed. Common activation was
identified in one cluster of right fusiform gyrus/inferior temporal cortex. For a complete listing
of results, see Table 4.
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Table 4
Neural activity in young adults associated with true recollection, recollection rejection, and their
conjunction
Region
True	
  recollection	
  >	
  True	
  Familiarity
Ventromedial/dorsomedial	
  PFC	
  &	
  ACC
Orbitofrontal	
  cortex
Dorsal	
  anterior	
  cingulate
Anterior	
  hippocampus
Middle	
  temporal	
  gyrus
Precentral	
  gyrus
Posterior	
  cingulate
Temporoparietal	
  junction
Fusiform/inferior	
  temporal	
  gyrus
Occipital	
  cortex

BA
10/11/24/32
11/10
24/23
-‐
-‐
21
4/6
31
40/22
37/20
18/19

Recollection	
  rejection	
  >	
  Unfamiliar	
  rejection
Orbitofrontal	
  cortex

Inferior	
  frontal	
  gyrus
Middle	
  frontal	
  gyrus
Superior	
  frontal	
  gyrus
Supplementary	
  motor	
  area
Insula
Striatum
Posterior	
  cingulate
Precuneus
Supramarginal	
  gyrus
Angular	
  gyrus
Inferior	
  parietal	
  cortex
Superior	
  parietal	
  cortex
Fusiform/inferior	
  temporal	
  gyrus
Cerebellum

Conjunction
	
  	
  	
  	
  	
  Fusiform/inferior	
  temporal	
  gyrus

H

mni

Tal

t

voxels

M
R
M
R
L
L
L
L
R
R
R

6
27
-‐3
21
-‐24
-‐57
-‐45
-‐12
60
48
15

23
29
-‐4
-‐4
-‐19
-‐7
-‐13
-‐37
-‐37
-‐67
-‐82

-‐20
-‐17
34
-‐14
-‐17
-‐14
43
43
25
-‐8
22

6
27
-‐3
21
-‐24
-‐56
-‐45
-‐12
59
48
15

21
27
-‐2
-‐4
-‐19
-‐7
-‐11
-‐34
-‐35
-‐65
-‐78

-‐18
-‐16
31
-‐12
-‐13
-‐11
40
41
25
-‐3
24

8.51
7.38
5.92
3.78
4.62
4.48
5.33
4.91
4.67
4.42
5.25

1198
58
94
24
46
51
41
320
173
55
44

10/11
11/10
11
45/47
44/45
9/46
8/9
8/6
8/6
31
-‐
-‐
-‐
23/31
7
40
39
39
40
40
7
7
37/20
37/20
-‐
-‐

L
R
R
R
L
R
L
L
R
L
L
L
R
M
M
R
L
R
R
L
L
R
R
L
L
R

-‐42
42
18
48
-‐54
48
-‐48
-‐15
27
-‐6
-‐33
-‐12
15
0
12
48
-‐33
33
48
-‐36
-‐36
33
51
-‐54
-‐36
42

56
53
47
32
17
32
23
20
8
20
23
8
-‐1
-‐25
-‐70
-‐37
-‐52
-‐61
-‐40
-‐55
-‐64
-‐67
-‐61
-‐46
-‐61
-‐61

-‐2
-‐11
-‐17
19
19
22
40
64
52
52
-‐5
13
13
25
55
43
37
46
46
40
55
52
-‐14
-‐17
-‐44
-‐35

-‐42
42
18
48
-‐54
48
-‐48
-‐15
27
-‐6
-‐33
-‐12
15
0
12
48
-‐33
33
48
-‐36
-‐36
33
50
-‐53
-‐36
42

54
51
45
32
17
32
24
22
10
22
22
8
0
-‐23
-‐65
-‐34
-‐49
-‐57
-‐37
-‐51
-‐60
-‐63
-‐60
-‐45
-‐61
-‐61

-‐4
-‐12
-‐17
16
17
19
36
58
47
47
-‐5
12
12
24
54
41
37
45
44
39
54
51
-‐9
-‐12
-‐34
-‐26

5.51
4.66
5.55
8.82
7.15
8.6
7.72
6.9
5.67
6.62
3.74
6.64
6.1
3.86
8.54
7.34
8.94
9.79
8.66
9.3
7.4
9.45
6
6.12
6.61
6.2

241
94
40
382
579
652
605
151
63
222
36
187
173
37
598
75
170
269
322
480
287
217
167
135
1031
811

37/20

R

48

-‐61

-‐11

48

-‐60

-‐6

4.22

31
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In addition to common neural processes, differences between true recollection and
recollection rejection were evaluated with a 2 (Stimulus Type: target, related lure) x 2 (Memory
Response: recollection-based, familiarity-based) whole-brain ANOVA. Specifically regarding
the interaction effect, results revealed two interaction patterns. Some regions, including
ventromedial PFC and right inferior parietal cortex/superior temporal gyrus, showed activation
that was similar for true recollection and lack of familiarity but distinguished both from
recollection rejection and true familiarity. Other regions, including left inferior frontal gyrus, the
precuneus, and left inferior parietal cortex, showed activation that was similar for recollection
rejection and true familiarity and distinguished both from true recollection and lack of
familiarity. For a complete listing of results, see Table 5.

Table 5
Neural activity in young adults demonstrating a Stimulus (target, lure) x Memory response
(recollection-based, familiarity-based) interaction effect.
Region
Interaction:	
  True	
  Recollection	
  &	
  Lack	
  of	
  Familiarity	
  
Ventromedial	
  PFC
Inferior	
  parietal	
  cortex/superior	
  temporal	
  gyrus

BA

H

mni

Tal

F

voxels

11
40/22

M
R

-‐6
51

32
-‐28

-‐20
22

-‐6
50

30
-‐26

-‐18
22

16.67
16.14

65
56

Interaction:	
  Recollection	
  Rejection	
  &	
  True	
  Familiarity
Inferior	
  frontal	
  gyrus
Precuneus/Superior	
  parietal	
  cortex
Inferior	
  parietal	
  cortex

47/46
7
40

L
R
L

-‐48
-‐6
-‐36

41
-‐67
-‐52

-‐8
46
40

-‐48
-‐6
-‐36

39
-‐63
-‐49

-‐9
46
39

12.69
25.99
20.5

37
286
78

A secondary goal of the present study was to characterize neural processes associated
with each of the two posited strategies for rejecting retrieval lures. In particular, recollection
rejection and lack of familiarity for related lures were each compared to related false
recognitions5 in order to identify neural regions supporting successful rejection of retrieval lures
as compared to erroneous responses (for a similar analysis see Bowman & Dennis, in press-a, in

5

Given that the present study was designed to maximize correct rejections to lures in order to investigate differences
associated with recollection rejection and lack of familiarity, there were insufficient false alarms in each category
(i.e., false recollection and false familiarity) to examine each separately.
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press-b). Recollection rejection success was associated with activation in regions including left
middle frontal gyrus, right striatum, left inferior/superior parietal cortex, and occipital cortex.
Lack of familiarity success was associated with activation in regions including ventromedial
PFC, bilateral hippocampus, and bilateral superior temporal gyri. To identify neural activity
supporting successful rejection of lures across strategies, a conjunction of the above contrasts
was performed. Results revealed activation in right striatum, right posterior hippocampus,
retrosplenial cortex, and right early visual cortex that distinguished both types of correct
rejections from false recognitions. For a complete listing of results, see Table 6.
Table 6
Neural activity in young adults associated with recollection rejection success, lack of familiarity
success, and their conjunction.
Region
Recollection	
  Rejection	
  >	
  False	
  Recognition
Middle	
  frontal	
  gyrus
Striatum
Caudate	
  tail
Inferior	
  temporal	
  gyrus
Superior/inferior	
  parietal	
  cortex
Occipital	
  cortex
Cerebellum
Unfamiliar	
  rejection	
  >	
  False	
  Recognition
Ventromedial	
  PFC
Middle	
  frontal	
  gyrus
Precentral	
  gyrus
Striatum
Hippocampus
Superior/middle	
  temporal	
  gyrus
Superior	
  temporal	
  gyrus
Inferior	
  parietal	
  cortex/superior	
  temporal	
  gyrus
Retrosplenial	
  cortex
Postcentral	
  gyrus
Occipital	
  cortex
Conjunction
	
  	
  	
  	
  Precentral	
  gyrus
	
  	
  	
  	
  Striatum
	
  	
  	
  	
  Caudate	
  tail
	
  	
  	
  	
  Posterior	
  hippocampus
	
  	
  	
  	
  Occipitoparietal	
  cortex
	
  	
  	
  	
  Retrosplenial	
  cortex
	
  	
  	
  	
  Postcentral	
  gyrus
	
  	
  	
  	
  Occipital	
  cortex

BA

H

mni

Tal

t

voxels

8/9
8/9
-‐
-‐
20
7/39
18/19
-‐

L
L
R
L
L
L
M
R

-‐33
-‐42
24
-‐27
-‐51
-‐21
6
36

20
5
35
-‐37
-‐52
-‐73
-‐76
-‐67

52
43
4
16
-‐8
49
-‐8
-‐38

-‐33
-‐42
24
-‐27
-‐50
-‐21
6
36

22
7
34
-‐35
-‐51
-‐68
-‐74
-‐67

47
39
2
17
-‐4
49
-‐3
-‐29

4.58
4.32
3.88
4.28
4.73
5.17
5.86
5.54

69
45
43
40
72
458
303
201

32/11
8/9
4/6
4/6
-‐
-‐
-‐
22/21
22
40/22
40/22
29/30
3/1/2
19

M
L
L
R
R
R
L
L
R
L
R
R
M
M

9
-‐24
-‐27
36
21
39
-‐33
-‐36
39
-‐54
57
15
-‐9
12

29
38
-‐19
-‐25
26
-‐28
-‐40
-‐40
-‐19
-‐4
-‐28
-‐46
-‐55
-‐79

-‐8
46
64
67
1
-‐8
-‐5
-‐8
-‐2
1
19
7
58
28

9
-‐24
-‐27
36
21
39
-‐33
-‐36
39
-‐53
56
15
-‐9
12

28
39
-‐15
-‐21
25
-‐27
-‐39
-‐39
-‐18
-‐4
-‐26
-‐44
-‐51
-‐75

-‐8
40
60
63
0
-‐5
-‐2
-‐5
-‐1
1
19
9
56
30

6.01
4.18
4.23
3.89
5.7
4.68
4.55
5.23
5.12
3.89
4.67
6.2
4.18
4.2

418
67
120
84
73
50
54
625
233
65
145
421
67
38

4/6
-‐
-‐
-‐
-‐
-‐
19/40
29/30
3/1/2
18

L
R
R
M
L
R
R
R
M
R

-‐33
24
21
9
-‐27
39
27
15
-‐9
15

-‐31
35
14
-‐34
-‐37
-‐37
-‐40
-‐46
-‐55
-‐73

31
4
16
13
16
-‐5
31
10
55
-‐2

-‐33
24
21
9
-‐27
39
27
15
-‐9
15

-‐29
34
14
-‐32
-‐35
-‐36
-‐37
-‐44
-‐51
-‐71

30
2
14
14
17
-‐2
30
11
53
2

3.42
3.88
3.88
4.2
4.03
3.69
3.55
5.02
3.82
4.97

9
31
14
7
38
12
14
8
11
135
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Differences between recollection rejection and unfamiliar rejection were assessed by
directly comparing recollection rejection responses and lack of familiarity within regions
distinguishing each type of correct rejection from false recognitions. Activation supporting
recollection rejection as distinct from both lack of familiarity responses and false recognitions
was found in the precuneus extending to left inferior parietal cortex as well cerebellum.
Activation supporting lack of familiarity as distinct from recollection rejection and false
recognition was observed in ventromedial PFC/anterior cingulate, right middle temporal
gyrus/hippocampus, and bilateral inferior parietal cortex/superior temporal gyrus. For a complete
listing of results, see Table 7.
Table 7
Neural activity showing correct rejection strategy-specific activation in young adults.
Region
BA
H
mni
Tal
Recollection	
  Rejection	
  >	
  Lack	
  of	
  Familarity	
  (with	
  inclusive	
  mask	
  of	
  Recollection	
  Rejection	
  >	
  Related	
  False	
  Recognition)
Inferior	
  parietal	
  cortex/precuneus
40/7
L
-‐36
-‐61
46
-‐36
Cerebellum
-‐
R
42
-‐61
-‐35
42
-‐
M
9
-‐79
-‐23
9

t

voxels

-‐57
-‐61
-‐78

45
-‐26
-‐15

8.6
6.61
5.75

306
148
61

Lack	
  of	
  Familarity	
  >	
  Recollection	
  Rejection	
  (with	
  inclusive	
  mask	
  of	
  Lack	
  of	
  Familiarity	
  >	
  Related	
  False	
  Recognition)
Ventromedial	
  PFC	
  &	
  ACC
11/32
M
-‐9
56
-‐11
-‐9
Middle	
  temporal	
  gyrus/hippocampus
21
R
42
-‐13
-‐11
42
Superior	
  temporal	
  gyrus
22
L
-‐60
-‐10
-‐8
-‐59
Inferior	
  parietal/superior	
  temporal	
  gyrus
40/22
L
-‐60
-‐28
16
-‐59
40/22
R
66
-‐28
19
65
Pre-‐/Post-‐central	
  gyrus
4/3/1/2
L
-‐36
-‐31
58
-‐36
4/3/1/2
R
36
-‐31
64
36
Retrosplenial	
  cortex
29/30
R
18
-‐43
10
18
Occipital	
  cortex/cerebellum
18/19
M
12
-‐61
-‐5
12

54
-‐13
-‐10
-‐26
-‐26
-‐27
-‐27
-‐41
-‐59

-‐12
-‐9
-‐6
16
19
55
60
11
-‐1

4.98
7.15
4.63
7.62
7.23
5.3
3.99
4.43
5.49

184
86
38
144
127
76
41
43
58

Older adults. Mirroring analyses in younger adults, in order to identify the neural basis
of true recollection in older adults a contrast of ‘Remember’ and ‘Familiar’ responses to targets
was computed. Consistent with results from young adults, older adults showed true recollectionrelated activity in regions that included medial PFC (ventromedial PFC and anterior cingulate),
posterior cingulate, right fusiform/inferior temporal gyrus, and bilateral anterior medial temporal
lobes, including the hippocampus. In order to identify the neural basis of recollection rejection in
older adults, ‘Different’ responses to related lures were compared to ‘Unfamiliar’ responses to
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related lures. Results revealed activation in brain regions similar those observed in young adults,
including bilateral inferior, middle, and superior frontal gyri, bilateral superior and inferior
parietal cortices, and the precuneus. Activation was also found in in bilateral occipital cortex and
bilateral striatum. To assess overlap in processes supporting both true recollection and
recollection rejection in older adults, conjunction between the above contrasts was computed. No
region showed significant common activation across true recollection and recollection rejection
in older adults. For a complete listing of results, see Table 8.
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Table 8
Neural activity in older adults associated with true recollection, recollection rejection, and their
conjunction.
Region
True	
  recollection	
  >	
  True	
  Familiarity
Ventromedial	
  PFC	
  &	
  ACC
Anterior	
  hippocampus
Hippocampus
Parahippocampal	
  gyrus
Posterior	
  cingulate
Fusiform/inferior	
  temporal	
  gyrus
Occipital	
  cortex
Recollection	
  rejection	
  >	
  Unfamiliar	
  rejection
Orbitofrontal	
  cortex
Dorsal	
  anterior	
  cingulate
Dorsomedial	
  PFC
Inferior	
  frontal	
  gyrus
Middle	
  frontal	
  gyrus
Superior	
  frontal	
  gyrus

Precentral	
  gyrus
Insula
Striatum
Occipitotemporal	
  cortex
Postcentral	
  gyrus
Posterior	
  cingulate	
  
Precuneus
Inferior	
  parietal	
  cortex
Inferior	
  parietal	
  cortex
Superior	
  parietal	
  cortex
Supramarginal	
  gyrus
Angular	
  gyrus
Occipital	
  cortex
Cerebellum
Conjunction
	
  	
  	
  	
  No	
  supratheshold	
  voxels

BA

H

mni

Tal

t

voxels

11/32/24
-‐
-‐
35/36
35/36
31
19/37
19

M
R
L
R
L
M
R
R

-‐6
30
-‐27
33
-‐24
-‐9
48
27

35
-‐13
-‐19
-‐28
-‐31
-‐40
-‐52
-‐88

-‐11
-‐17
-‐17
-‐20
-‐17
31
-‐14
13

-‐6
30
-‐27
33
-‐24
-‐9
48
27

33
-‐13
-‐19
-‐28
-‐31
-‐37
-‐51
-‐85

-‐11
-‐14
-‐13
-‐15
-‐13
30
-‐9
16

6.03
4.3
3.76
3.89
4.57
4.25
4.42
4.56

601
39
32
42
142
65
45
61

11/10
10/11
32/24
6/8
10/47/46
47/10/46
10/46/9
46/9/10
6/8
6/8
6/8
6/4
4/6
-‐
-‐
-‐
-‐
19/37
19/37
3/1/2
3/1/2
31/23
7
40
40
7
7
7
40
39
39
19
19
-‐

R
L
M
M
R
L
L
R
L
R
L
R
L
L
R
R
L
L
R
R
L
M
M
L
R
L
R
L
R
L
R
R
L
M

45
-‐45
-‐6
9
45
-‐45
-‐42
51
-‐30
24
-‐24
42
-‐27
-‐30
36
15
-‐12
-‐60
63
48
-‐42
-‐6
9
-‐57
45
-‐30
12
-‐18
36
-‐45
39
36
-‐3
-‐3

53
50
20
14
47
41
50
32
62
-‐4
-‐10
8
-‐4
23
20
8
5
-‐34
-‐46
-‐31
-‐37
-‐40
-‐67
-‐19
-‐46
-‐67
-‐70
-‐73
-‐34
-‐61
-‐70
-‐73
-‐76
-‐79

-‐2
-‐2
43
49
-‐2
10
1
22
13
52
49
43
49
-‐5
1
1
1
-‐8
-‐5
52
46
22
55
25
52
46
52
52
40
43
37
37
37
-‐32

45
-‐45
-‐6
9
45
-‐45
-‐42
51
-‐30
24
-‐24
42
-‐27
-‐30
36
15
-‐12
-‐59
62
48
-‐42
-‐6
9
-‐56
45
-‐30
12
-‐18
36
-‐45
39
36
-‐3
-‐3

51
48
21
16
45
40
49
32
61
-‐1
-‐7
10
-‐2
22
19
8
5
-‐33
-‐45
-‐28
-‐34
-‐38
-‐62
-‐17
-‐42
-‐63
-‐65
-‐68
-‐31
-‐57
-‐66
-‐69
-‐72
-‐78

-‐4
-‐4
39
44
-‐4
7
-‐2
19
9
48
46
39
45
-‐5
0
1
0
-‐5
-‐2
49
44
22
54
24
50
46
51
51
38
42
37
38
38
-‐23

5.83
7.24
5.5
7.68
5.03
5.76
7.13
7.99
5.14
5.41
5.27
6.93
6.8
4.51
3.86
7.45
7.45
5.21
6.27
6.07
6.19
4.89
10.01
4.95
10.12
7.05
9.58
7.77
7.59
7.18
7.38
8.16
6.57
7.41

81
185
61
304
289
521
563
690
43
115
63
190
371
78
63
158
145
116
131
96
147
70
918
36
266
543
238
324
126
120
235
221
294
706
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To assess differences between true recollection and recollection rejection, a 2 (Stimulus
Type: target, related lure) x 2 (Memory Response: recollection-based, familiarity-based) wholebrain ANOVA was computed. The interaction effect revealed activation in left middle frontal
gyrus and the precuneus that showed similar levels of activation for recollection rejection and
true familiarity as compared to both true recollection and lack of familiarity. For a complete
listing of results, see Table 9.

Table 9
Neural activity in older adults demonstrating a Stimulus (target, lure) x Memory response
(recollection-based, familiarity-based) interaction effect.
Region
Interaction:	
  True	
  Recollection	
  &	
  Lack	
  of	
  Familiarity	
  
No	
  supratheshold	
  voxels
Interaction:	
  Recollection	
  Rejection	
  &	
  True	
  Familiarity
Middle	
  frontal	
  gyrus
Precuneus

BA

9/10
7

H

mni

L
M

-‐33
12

Tal

53
-‐67

10
52

F

-‐33
12

52
-‐63

7
51

voxels

17.22
21.91

A secondary goal of the present study was to identify the neural basis of the two posited
strategies for rejecting lures in older adults. Activation supporting recollection rejection
responses to related lures as distinct from false recognitions was found in left middle/inferior
frontal gyri, bilateral striatum, and occipital cortex. Activation supporting lack of familiarity
responses to related lures as distinct from false recognitions was limited to a cluster in the
ventromedial PFC and one other in right-lateralized occipital cortex. A conjunction analysis
assessing neural activity contributing to successful rejecting of lures in older adults across both
strategies revealed activation in one cluster of early visual cortex. For a complete listing of
results, see Table 10.
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Table 10
Neural activity in older adults associated with recollection rejection success, lack of familiarity
success, and their conjunction.
Region
Recollection	
  Rejection	
  >	
  False	
  Recognition
Middle/inferior	
  frontal	
  gryi
Striatum
Occipital	
  cortex
Cerebellum
Unfamiliar	
  rejection	
  >	
  False	
  Recognition
Ventromedial	
  PFC
Occiptial	
  cortex
Conjunction
	
  	
  	
  	
  Occiptial	
  cortex

BA

H

mni

Tal

t

voxels

46/10/47
-‐
-‐
18/19
17/18
-‐

L
L
R
L
M
R

-‐45
-‐21
21
-‐36
6
39

44
5
8
-‐79
-‐76
-‐49

-‐2
1
1
19
-‐8
-‐32

-‐45
-‐21
21
-‐36
6
39

43
5
8
-‐76
-‐74
-‐49

-‐4
1
1
21
-‐3
-‐24

4.89
5.14
5.06
4.38
4.04
3.96

204
147
87
37
71
110

10/11
18/19

M
R

-‐6
21

32
-‐67

-‐17
-‐5

-‐6
21

30
-‐65

-‐16
-‐1

5.87
3.68

117
43

18

M

9

-‐76

-‐5

9

-‐74

-‐1

3.32

7

Differences between recollection rejection and unfamiliar rejection were assessed by
directly comparing recollection rejection responses and lack of familiarity within regions
distinguishing each type of correct rejection from false recognitions. Activation supporting
recollection rejection as distinct from both lack of familiarity responses and false recognitions
was found in bilateral striatum, left middle/inferior frontal gyrus, and the right cerebellum.
Activation supporting lack of familiarity as distinct from recollection rejection and false
recognition was observed in on cluster in ventromedial PFC. For a complete listing of results, see
Table 11.

Table 11
Neural activity showing correct rejection strategy-specific activation in older adults.
Region
BA
H
mni
Tal
Recollection	
  Rejection	
  >	
  Lack	
  of	
  Familarity	
  (with	
  inclusive	
  mask	
  of	
  Recollection	
  Rejection	
  >	
  Related	
  False	
  Recognition)
Middle/inferior	
  frontal	
  gyrus
47/46/9/10
L
-‐45
50
-‐2
-‐45
Striatum
-‐
R
15
8
1
15
-‐
L
-‐12
5
1
-‐12
Cerebellum
-‐
R
33
-‐64
-‐29
33

t

voxels

48
8
5
-‐63

-‐4
1
1
-‐21

7.24
7.45
7.45
6.43

193
56
110
100

Lack	
  of	
  Familarity	
  >	
  Recollection	
  Rejection	
  (with	
  inclusive	
  mask	
  of	
  Lack	
  of	
  Familiarity	
  >	
  Related	
  False	
  Recognition)
Ventromedial	
  PFC
11
M
-‐6
47
-‐11
-‐6

45

-‐12

5.42

48

51

Age Comparisons. The effects of aging on true recollection were assessed by identifying
regions showing either a young > old effect (masked by the true recollection > true familiarity
contrast in young adults) or an old > young effect (masked by the true recollection > true
familiarity contrast in older adults). No region was identified that showed either age difference
effect. Common activation across age groups was identified in regions including ventromedial
PFC/anterior cingulate, posterior cingulate, right fusiform/inferior temporal gyrus, and the left
hippocampus. For a complete listing of results, see Table 12.

Table 12
Neural activity associated with common and distinct true recollection processing across age
groups.
Region
Young	
  >	
  Old
No	
  suprathreshold	
  voxels

BA

H

mni

Tal

t

voxels

Old	
  >	
  Young
No	
  suprathreshold	
  voxels
Conjunction
	
  	
  	
  	
  Ventromedial	
  PFC	
  &	
  ACC
	
  	
  	
  	
  Orbitofrontal	
  cortex
	
  	
  	
  	
  Hippocampus
	
  	
  	
  	
  Posterior	
  cingulate
	
  	
  	
  	
  Occipital	
  cortex
	
  	
  	
  	
  Fusiform/inferior	
  temporal	
  gyrus

10/11/32
11
-‐
31
18/19
37/20

M
R
L
M
R
R

-‐6
24
-‐27
-‐9
15
51

38
32
-‐19
-‐37
-‐85
-‐64

-‐14
-‐14
-‐17
40
25
-‐5

-‐6
24
-‐27
-‐9
15
50

36
30
-‐19
-‐34
-‐81
-‐62

-‐14
-‐13
-‐13
39
27
-‐1

5.14
4.2
3.76
3.65
3.75
3.56

376
18
20
28
11
20

The effects of aging on recollection rejection were assessed by identifying regions
showing either a young > old effect (masked by the recollection rejection > lack of familiarity
contrast in young adults) or an old > young effect (masked by the recollection rejection > lack of
familiarity contrast in older adults). Only the latter contrast revealed significant age differences:
older adults showed greater engagement of dorsomedial PFC, left precentral gryus, and the
precuneus associated with recollection rejection compared to young adults. In addition to these
age-related increases in activation, common neural activity supporting recollection rejection
across age groups was identified throughout fronto-parietal cortices, including bilateral inferior,
middle, and superior frontal gyrus, bilateral inferior and superior parietal cortices, and the
precuneus. For a complete listing of results, see Table 13.
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Table 13
Neural activity associated with common and distinct recollection rejection processing across age
groups.
Region
Young	
  >	
  Old
No	
  suprathreshold	
  voxels

BA

Old	
  >	
  Young
Dorsomedial	
  PFC
Precentral	
  gyrus
Precuneus
Conjunction
Orbitofrontal	
  cortex
	
  	
  	
  	
  Orbitofrontal	
  cortex
	
  	
  	
  	
  Inferior	
  frontal	
  gyrus
	
  	
  	
  	
  	
  Middle	
  frontal	
  gyrus
	
  	
  	
  	
  Superior	
  frontal	
  gyrus
	
  	
  	
  	
  Dorsal	
  ACC
	
  	
  	
  	
  Striatum
	
  	
  	
  	
  Fusiform/inferior	
  temporal	
  gyrus
	
  	
  	
  	
  Posterior	
  cingulate
	
  	
  	
  	
  Inferior	
  parietal	
  cortex
	
  	
  	
  	
  Superior	
  parietal	
  cortex
	
  	
  	
  	
  Supramarginal	
  gyrus
	
  	
  	
  	
  Angular	
  gyrus
	
  	
  	
  	
  Precuneus
	
  	
  	
  	
  Occipital	
  cortex
	
  	
  	
  	
  Cerebellum

H

mni

Tal

t

voxels

6/8
4
7

M
L
M

0
-‐42
-‐12

-‐1
-‐22
-‐58

64
58
61

0
-‐42
-‐12

2
-‐19
-‐53

59
54
59

4.7
5.74
4.38

100
171
43

11
10/11
45/47
45/47
8/9/46
8/9/46
6/8
6/8
24/32
-‐
-‐
37/20
37/20
31
40
40
7
7
40
39
39
7
19/37
-‐
-‐
-‐

R
R
R
L
R
L
R
L
M
R
L
L
R
M
R
L
R
L
R
L
R
M
R
L
M
R

27
42
51
-‐45
51
-‐27
24
-‐24
-‐6
15
-‐12
-‐57
66
0
48
-‐36
15
-‐12
45
-‐36
36
-‐6
45
-‐27
-‐9
36

62
47
32
26
32
-‐1
11
-‐1
20
8
8
-‐34
-‐43
-‐37
-‐40
-‐55
-‐70
-‐70
-‐40
-‐61
-‐67
-‐70
-‐64
-‐64
-‐82
-‐61

-‐2
-‐5
22
28
22
52
52
52
43
10
4
-‐5
-‐2
25
49
40
55
55
43
43
43
55
-‐17
-‐29
-‐35
-‐29

27
42
50
-‐45
50
-‐27
24
-‐24
-‐6
15
-‐12
-‐56
65
0
48
-‐36
15
-‐12
45
-‐36
36
-‐6
45
-‐27
-‐9
36

60
45
32
26
32
1
13
1
21
8
8
-‐33
-‐42
-‐35
-‐37
-‐51
-‐65
-‐65
-‐37
-‐57
-‐63
-‐65
-‐63
-‐63
-‐81
-‐60

-‐5
-‐6
19
24
19
48
47
48
39
9
3
-‐3
0
25
47
39
54
54
41
42
43
54
-‐11
-‐21
-‐25
-‐21

4.09
3.98
7.18
5.03
7.18
6.54
4.29
4.83
5.5
4.37
3.89
4.36
4.37
3.49
8.25
6.83
8.37
6.17
7.02
6.25
7.12
8.17
3.84
4.6
5.29
5.43

37
53
275
526
439
396
45
47
230
60
70
82
64
23
253
434
192
265
70
117
206
572
9
119
57
309

Lastly with regard to the relationship between true recollection and recollection rejection,
an ANOVA was computed to assess age differences in the patterns of neural activity supporting
the two types of recollection judgments. No significant age differences were identified as part of
this analysis (see Table 14).

Table 14
Neural activity associated with the Age (young, old) x Recollection-type (true recollection,
recollection rejection) interaction effect.
Region
Interaction:	
  Age	
  x	
  Recollection-‐Type
No	
  supratheshold	
  voxels

BA

H

mni

Tal

F

voxels
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The effects of aging on recollection rejection success were assessed by identifying
regions showing either a young > old effect (masked by the recollection rejection > false
recognition contrast in young adults) or an old > young effect (masked by the recollection
rejection > false recognition contrast in older adults). No region was identified that showed
either age difference effect. Common activation across age groups was identified in regions
including left inferior frontal gyrus, left superior parietal cortex, and early visual cortex. For a
complete listing of results, see Table 15.

Table 15
Neural activity associated with common and distinct recollection rejection success processing
across age groups.
Region
Young	
  >	
  Old
No	
  suprathreshold	
  voxels

BA

H

mni

Tal

t

voxels

Old	
  >	
  Young
No	
  suprathreshold	
  voxels
Age	
  Conjunction
	
  	
  	
  	
  Orbitofrontal	
  cortex
	
  	
  	
  	
  Inferior	
  frontal	
  gyrus
	
  	
  	
  	
  Superior	
  parietal	
  cortex
	
  	
  	
  	
  Occipital	
  cortex
	
  	
  	
  	
  Cerebellum

10/11
44/45
7
18/19
-‐
-‐

L
L
L
M
M
R

-‐42
-‐45
-‐30
6
9
33

47
14
-‐67
-‐76
-‐82
-‐70

-‐5
28
43
-‐8
-‐29
-‐41

-‐42
-‐45
-‐30
6
9
33

45
15
-‐63
-‐74
-‐81
-‐70

-‐6
25
43
-‐3
-‐20
-‐31

3.2
3.19
3.3
4.04
3.5
3.7

11
8
13
39
7
32

The effects of aging on successful lack of familiarity responses were assessed by
identifying regions showing either a young > old effect (masked by the lack of familiarity > false
recognition contrast in young adults) or an old > young effect (masked by the lack of familiarity
> false recognition contrast in older adults). Only the former age difference was observed: young
adults showed greater activation in left temporoparietal junction compared to older adults
supporting lack of familiarity responses. Common activation across age groups in this contrast
was identified in ventromedial PFC, right inferior parietal cortex/superior temporal gyrus, and
early visual cortex. For a complete listing of results, see Table 16.
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Table 16
Neural activity associated with common and distinct lack of familiarity success processing
across age groups.
Region
Young	
  >	
  Old
Temporparietal	
  junction

BA

H

40/22

L

mni

Tal
-‐24

-‐28

t

13

-‐24

-‐27

13

voxels
4.26

125

Old	
  >	
  Young
No	
  supratheshold	
  voxel
Conjunction
	
  	
  	
  	
  Ventromedial	
  PFC
	
  	
  	
  	
  Inferior	
  parietal	
  cortex/superior	
  temporal	
  gyrus
	
  	
  	
  	
  Occipital	
  cortex

11/25
11/25
40/22
18/19

M
M
R
M

-‐6
6
63
12

35
38
-‐31
-‐70

-‐17
-‐17
22
-‐5

-‐6
6
62
12

33
36
-‐29
-‐68

-‐16
-‐16
22
-‐1

4.18
3.16
3.62
3.64

57
7
7
35

Lastly, an ANOVA was computed to assess age differences in the patterns of neural
activity supporting recollection rejection and lack of familiarity responses to related lures. No
significant age differences were identified as part of this analysis (see Table 17).

Table 17
Neural activity associated with the Age (young, old) x Correct rejection type (recollection
rejection, lack of familiarity) interaction effect.
Region
Age	
  x	
  Correct	
  Rejection	
  Type	
  interaction
No	
  supratheshold	
  voxels

BA

H

mni

Tal

t

voxels

55

Chapter 4
DISCUSSION
The primary goal of the present study was to evaluate the extent to which recollection
rejection and true recollection rely on a common neural substrate and to identify age differences
associated with neural responses supporting recollection rejection. Using an adaptation of the
Remember-Know-New paradigm that asked participants to differentiate between ‘New’
responses based on recall of studied details (i.e., recollection rejection) and those based on
novelty detection (i.e., lack of familiarity), I sought to compare neural responses associated with
these two strategies for rejecting lures in order to mirror analyses used to identify the neural basis
of true recollection. Behavioral and neuroimaging results were first assessed within each age
group before age comparisons were made. As such, the following section presents findings from
young and older adults separately, and then discusses age-related differences in recollection
rejection. Within each section, a discussion of behavioral results will be followed by discussion
of neural findings in terms of 1) similarities and differences between recollection rejection and
true recollection and 2) similarities and differences between recollection rejection and lack of
familiarity.

The cognitive and neural basis of recollection rejection in young adults

Behavioral findings. Based on consistent findings from behavioral and neuroimaging
studies of false memory (e.g., Koutstaal & Schacter, 1997; McDermott & Roediger, 1998;
Rankin & Kausler, 1979; Robinson & Roediger, 1997; Schacter et al., 1999; Tun et al., 1998), it
was predicted that young adults would show lower rates of false memory suppression (i.e.,
correct rejections) for lures that resembled targets (i.e., related lures) compared to distinct lures

56

(i.e., unrelated lures). This finding was born out in the data with significantly lower rejection
rates for related as compared to unrelated lures (see Figure 2). Thus, behavioral findings from the
present study replicate the typical false memory finding from perceptual/semantic relatedness
paradigms in that lures that shared perceptual and semantic features with studied items were
associated with more false recognitions and thus fewer correct responses than more distinct lures.
As such, although participants used a response paradigm in which they were asked to distinguish
between multiple types of ‘new’ responses (i.e., ‘different’ and ‘unfamiliar’), the overall integrity
of old-new recognition judgments remained intact.
In evaluating the adapted Remember-Know-New paradigm, it was predicted that
although related lures would be associated with an overall reduced correct rejection rate
compared to unrelated lures, they would also be associated with a higher rate of recollection
rejection, indicating that recollection rejection is a particularly important strategy for rejecting
related lures. This prediction was based on the notion that similarity between related lures and
targets both 1) makes related lures a better cue to elicit memory for a particular previous
experience (i.e., seeing the target item during the study phase) than an unrelated lure (Kumaran
& Maguire, 2007b) and 2) causes differentiation between targets and lures to be near impossible
without retrieval of specific aspects of the previous episode, leading to false recognitions when
such details are not retrieved (Brainerd & Reyna, 2002; Brainerd et al., 2003). Consistent with
predictions, related lures were associated with both the highest rate of false recognitions and the
highest rate of recollection rejection responses. In fact, relatively few related lures were judged
as unfamiliar, indicating that the overall themes or categories were well-encoded by young
adults. Instead, when related lures were successfully rejected, it was largely based on recall of
specific details of targets, which, when such details differed from those present in the related
lure, could be used as a basis for rejection. For example, from Figure 1, when presented with the
related lure of a green apple during retrieval, remembering only that the overall category of apple
was previously presented would not allow for rejection of the lure. However, recalling that the
apple was red or shinier than the related lure does serve as a basis for labeling the lure as new.
The results of the present study also fit nicely with previous behavioral studies that have
assessed recollection rejection via means such as associative memory tests and the conjunction
memory paradigm. Such studies have demonstrated that rejection of lures, particularly for lures
that share properties with targets (e.g., associative pairs that are a recombination of previously
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presented items) is affected by many of the same manipulations as is true recollection (Dobbins
et al., 1998; Rotello & Heit, 2000). Memory theory has posited that many of the same processes
involved in retrieving detail-rich true memories may also operate when rejecting lures that share
sufficient features with studied items (Brainerd & Reyna, 2002; Brainerd et al., 2003). However,
few studies have evaluated the extent to which individuals consciously experience subjective
recollection when rejecting related lures (but see Lampinen et al., 2004; Meeks et al., 2014;
Odegard, Lampinen, & Toglia, 2005). Of studies assessing subjective recollection rejection, most
have done so by asking participants to complete a written explanation of the basis of a yes/no
recognition judgment (Lampinen et al., 2004; Odegard et al., 2005) – a task difficult to adapt for
typical recognition paradigms, especially those involving neuroimaging (but see Matzen et al.,
2011; Meeks et al., 2014). By asking participants to distinguish between recollection rejection
and lack of familiarity as part of the recognition judgment, the present study assessed
recollection rejection in similar fashion as true recollection is typically measured and in a manner
that is adaptable to a number of potential study designs and allows for neuroimaging analyses.
While results demonstrated that young adults employed recollection rejection to
discriminate between targets and related lures, there was also evidence of a relatively linear
effect of relatedness on lack of familiarity judgments. Consistent with the notion that the
‘unfamiliar’ response corresponds to one extreme of a familiarity signal that varies continuously
with the overall strength of the memory trace [i.e., novelty detection; (Brown & Aggleton,
2001)], the present results demonstrate higher rates of ‘unfamiliar’ responses to unrelated
compared to related lures. This finding is consistent with studies suggesting that false memories
are based primarily on familiarity traces due to featural overlap between new and old items
(Jacoby, 1991; Yonelinas, Dobbins, Szymanski, Dhaliwal, & King, 1996) and thus it follows that
familiarity signals would become weaker with increasing distinctiveness between targets and
lures, leading to stronger novelty detection signals.
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Figure 2. Recognition response rates for young and older adults (correct trials only).
Taken together, behavioral results from young adults provide evidence that individuals
use the adapted behavioral paradigm in the expected manner – related lures tended to be rejected
based on recollection rejection and unrelated lures tended to be rejected based on novelty
detection. While the current paradigm represents a versatile means to measure recollection
rejection, future research is needed to fully establish the relationship between ‘different’
responses to lures and recollection rejection. For example, as previously stated, recollection
rejection has typically been measured within the context of associative memory paradigms as
opposed to the present perceptual/semantic relatedness false memory paradigm. A critical test of
the adapted Remember-Know-New paradigm will be to replicate previous findings from
associative memory tests – including studies showing that recollection rejection is affected by
manipulations such as divided attention (Dobbins et al., 1998), study repetition (Lampinen et al.,
2004), and word frequency effects (Meeks et al., 2014) in ways that are similar to that of true
recollection. Work is currently underway to assess this response paradigm in a number of
contexts in order to increase our understanding of its validity and reliability.
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Relationship between the neural correlates of true recollection and recollection rejection.
True recollection. In accord with findings from studies assessing the neural correlates of
true recollection (e.g., Daselaar, Fleck, & Cabeza, 2006; King, de Chastelaine, Elward, Wang, &
Rugg, 2015; Yonelinas, Otten, Shaw, & Rugg, 2005), it was expected that true recollection
compared to true familiarity would elicit greater activity in “core recollection network” (for
meta-analyses see Kim, 2010; Spaniol et al., 2009), which includes regions such as medial PFC,
the posterior cingulate, ventral visual regions, and (MTL). This network is theorized to support
attention to internal states and self-referential processing that supports retrieval of previous
memory traces (Buckner, Andrews-Hanna, & Schacter, 2008; Daselaar et al., 2009; Sestieri,
Corbetta, Romani, & Shulman, 2011; Spreng, Mar, & Kim, 2009; Vincent et al., 2006). Indeed,
the present study revealed true recollection-related activity in regions such as medial PFC
(including its dorsal and ventral aspects and portions of the anterior cingulate), the posterior
cingulate cortex, and temporoparietal junction (see Figure 3a) that are often considered part of
the default-mode network (Buckner et al., 2008; Greicius, Krasnow, Reiss, & Menon, 2003;
Mars et al., 2012) but are also often associated with memories based on self-referential
processing and orientation toward internal mental states (Knyazev et al., 2015; Philippi, Tranel,
Duff, & Rudrauf, 2015; Spreng & Grady, 2010; Spreng et al., 2009) such as recollections (Kim,
2010).
In addition to the aforementioned regions, the present study revealed true recollectionrelated activity in bilateral anterior hippocampus. A wealth of animal (for reviews see
Eichenbaum, Otto, & Cohen, 1992; Squire, 1992), neuropsychological (e.g., Corkin, Amaral,
Gonzalez, Johnson, & Hyman, 1997; Scoville & Milner, 1957; Zola-Morgan, Squire, & Amaral,
1986), and human imaging (for meta-analyses see Kim, 2010, 2015; Schacter & Wagner, 1999;
Spaniol et al., 2009) studies have established the critical role of the medial temporal lobes in
forming and retrieving declarative memories. Activation in the hippocampus during memory
retrieval is posited to aid in reinstating patterns of cortical activity that were present during an
initial encoding episode (Alvarez & Squire, 1994; Damasio, 1989; Norman & O'Reilly, 2003),
thus mentally reconstructing details of the episode and strengthening the relationship between
regions of cortex representing sensory, semantic, and motor components of the memory.
Consistent with this cortical reinstatement theory of memory retrieval, the present study revealed
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activation not only in bilateral MTL, but also in visual processing regions including rightlateralized early visual cortex and fusiform/inferior temporal gyri. Activation in visual cortices
associated with targets during retrieval has been posited to support reactivation of sensory details
from a previous encoding episode (Slotnick & Schacter, 2004), which has been shown to
contribute to successful memory decisions and particularly recollection (Dennis et al., 2012; J.
D. Johnson, McDuff, Rugg, & Norman, 2009; J. D. Johnson & Rugg, 2007; McDonough,
Cervantes, Gray, & Gallo, 2014; Vaidya, Zhao, Desmond, & Gabrieli, 2002). Taken together,
results from the present study are consistent with a large body of previous research that has
established a canonical recollection network, suggesting that requiring participants to make
additional memory distinctions (i.e., ‘different’ and ‘unfamiliar’ for new items) did not disrupt
typical memory patterns associated with Remember-Know judgments. Further, eliciting
activation within the core recollection network provides a basis in which to evaluate the
relationship between recollection rejection and true recollection.
Recollection rejection. Regarding neural activity associated with recollection rejection, it
was posited that recollection rejection would show activation consistent with the core
recollection network identified above (medial PFC and parietal regions, MTL, sensory activation
consistent with the stimulus modality). Results from the present study instead showed
recollection rejection-related increases in neural activity across wide portions of prefrontal and
parietal cortices, including bilateral orbitofrontal cortices, bilateral inferior, middle, and superior
frontal gyri (encompassing bilateral dorsolateral and ventrolateral PFC), precuneus, bilateral
inferior and superior parietal cortices, bilateral angular gyri, and right supramarginal gyrus (see
Figure 3a). While inconsistent with the above-identified recollection network, this network
nevertheless mirrors findings from previous neuroimaging studies that have compared the neural
correlates of recollection rejection (i.e., rejection of associative lures or incorrect source) to those
of true memories (Achim & Lepage, 2005; Gallo, Kensinger, et al., 2006; Gallo et al., 2010;
Lepage et al., 2003). In particular, previous retrieval studies have associated this frontoparietal
network with retrieval-monitoring processes that serve to evaluate, monitor, and bind together
products of retrieval (for review see Mitchell & Johnson, 2009). Such top-down monitoring is
posited to show increasing engagement with decreasing distinctiveness of memories, which has
been operationalized in studies of false memory suppression in terms of the perceptual richness
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of studied items (i.e., photographs as high and words as low perceptual richness; Gallo,
Kensinger, et al., 2006; Gallo et al., 2010) as well as by the type of lure presented (related as
opposed to unrelated lures; Bowman & Dennis, in press-b). However, the fronto-parietal network
identified within the present analysis was associated with differences in responses within a
category of stimuli (i.e., related lures) and is thus not driven by differences in the difficulty of
decision-making associated with a particular type of stimulus. Instead, the present results
demonstrate that this network supports responses to related lures when such responses are based
on retrieval of studied details that serve to disqualify an item as ‘old’ during recognition (Gallo et
al., 2010). Thus, results from the present study indicate that fronto-parietal regions often
associated with retrieval monitoring support false memory suppression when the presentation of
a lure triggers retrieval of studied information and individuals can detect differences between the
lure and those retrieved details.

Figure 3. Neural activity in young adults associated with a) true recollection (in blue) and
recollection rejection (in red) and b) the stimulus (target, lure) x response (recollection-based,
familiarity-based) interaction effect. Bar graphs depict mean beta parameters associated with
each trial type in the ANOVA averaged across each cluster as well as standard error. IFG =
inferior frontal gyrus; vmPFC = ventromedial prefrontal cortex.

62

Despite identifying recollection rejection-related activity within fronto-parietal cortices,
results failed to identify recollection rejection effects within the typical core recollection
network. Activation with the core recollection network was expected based on the notion that
recollection rejection involves retrieval of target details akin to processes supporting true
recollection (Brainerd & Reyna, 2002; Brainerd et al., 2003). However, very little activation
within the canonical true recollection network was found in association with recollection
rejection. There was activation found in midline structures including posterior cingulate and the
precuneus which, as stated previously, may support attention to internal states and self-referential
retrieval (Buckner et al., 2008; Daselaar et al., 2009; Sestieri et al., 2011; Spreng et al., 2009;
Vincent et al., 2006). However, most importantly, no significant activation was observed within
the MTL. While this lack of activation within the typical recollection network will receive
greater attention in the ‘Common Recollection for Targets and Lures’ section below, it is critical
to note that there is little opportunity to identify overlap in the neural basis of true recollection
and recollection rejection as recollection rejection did not engage the canonical recollection
network.
Results did show recollection rejection-related increases within visual cortices,
specifically within bilateral portions of late visual cortices that spanned both the fusiform gyrus
and inferior temporal cortex. Thus, despite a lack of recollection rejection findings in the core
recollection network, results from the present study provide evidence for a sensory signal that
may serve to reinstate details of studied items when a related lure is presented. As stated
previously, sensory signals during true recollection are posited to reflect reinstatement of sensory
details present during an initial encoding event (J. D. Johnson et al., 2009; J. D. Johnson & Rugg,
2007; Wheeler, Petersen, & Buckner, 2000; Woodruff, Johnson, Uncapther, & Rugg, 2005).
While such reinstatement is typically associated with targets (Slotnick & Schacter, 2004), the
present results provide evidence that such sensory signals can be elicited by related lures to
facilitate recollection rejection. Indeed, it has been posited that reactivation signals within
sensory cortices may contribute to rejecting related lures by detecting perceptual differences
between targets and lures and that the lack of sensory reactivation may contribute to the
occurrence of false memories (Bowman & Dennis, in press-a, in press-b). The present study
supports this hypothesis by showing that portions of visual cortices show greater activation when
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participants report consciously recalling features of studied items when presented with a related
lure (i.e., recollection rejection) as compared to lure rejection based on a lack of a retrieval signal
(i.e., lack of familiarity).
Taken together, results from the comparison between recollection rejection and lack of
familiarity for related lures demonstrated expected activation within fronto-parietal retrieval
monitoring regions with relatively limited activation within the typical true recollection network.
While these results are generally consistent with previous neuroimaging studies of recollection
rejection (Achim & Lepage, 2005; Gallo, Kensinger, et al., 2006; Gallo et al., 2010; Lepage et
al., 2003), they represent a critical extension given that previous studies have conflated the type
of lure (e.g., recombination of previously studied items into a novel pairing) with the
psychological process (i.e., recollection rejection) without considering the extent to which
individuals reject such lures based on lack of familiarity with the constituent items. As such, the
present study represents the most direct measure of the neural basis of recollection rejection
obtained to this point, allowing for the evaluation of the extent to which recollection rejection
relies on an episodic recollection mechanism.
Common Recollection for Targets and Related Lures. Based on the theoretical notion that
retrieval lures may be rejected by utilizing recollection of features of targets that distinguish
between targets and lures, it was predicted that recollection rejection would show significant
neural overlap with true recollection. In particular, regions of the recollection network, including
midline DMN regions, medial temporal lobes, and visual cortex were posited to also support
recollection rejection, reflecting a common recollection basis to both types of memory decisions.
However, as can be expected given that recollection rejection did not engage much of the
recollection network (see above), this prediction was not well-supported by the data. The only
component of this network that showed similar activation for both true recollection and
recollection rejection was a visual processing region in right-lateralized fusiform gyrus/inferior
temporal cortex. As such, this section will first address the overlap in perceptual processing
associated with true recollection and recollection rejection, then provide possible explanations
for the lack of overlap elsewhere within the recollection network.
Results from the present study support the notion that both true recollection and
recollection rejection involve sensory reactivation of perceptual details from encoding. As
previously stated, reinstatement of such perceptual details has typically been associated with true
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memories, which are posited to evoke recapitulation of sensory details from an initial encoding
episode (Dennis et al., 2012; J. D. Johnson et al., 2009; J. D. Johnson & Rugg, 2007; Slotnick &
Schacter, 2004; Vaidya et al., 2002). Common activation for true recollection and recollection
rejection in visual processing regions suggests that related lures may also elicit this sensory
reactivation when such lures initiate retrieval of a particular encoding episode. As such, results
from the present study provide evidence that reinstatement of sensory details from encoding has
a role in both rejecting lures and recollecting targets (Bowman & Dennis, in press-a, in press-b).
However, it is also important to note that common true recollection and recollection rejection
activation was found in visual regions relatively late in the visual processing stream. Previous
research has suggested that while early visual cortex (i.e., Brodmann Areas 17 and 18) supports
sensory reactivation associated with targets because targets serve as the best cue for reactivating
highly specific sensory information (Dennis et al., 2012; Slotnick & Schacter, 2004), both targets
and lures can elicit activation in visual processing regions further along the ventral visual
hierarchy (Slotnick & Schacter, 2004). Reactivation in late visual regions is posited to reflect
reinstatement of general object properties (Dennis et al., 2014; Garoff, Slotnick, & Schacter,
2005; Slotnick & Schacter, 2004) rather than the low-level features represented within early
visual cortices. Results from the present study are consistent with this dissociation and suggest
that recollected perceptual features elicited by related lures are likely integrated object properties
as opposed to the low-level perceptual information typically represented in early visual cortices.
Despite the overlap in late visual cortex associated with true recollection and recollection
rejection, the present study failed to identify overlap across many brain regions typically
associated with recollection processing, including medial PFC, posterior midline regions, and the
MTL. Importantly, as discussed above, the lack of overlap identified in the conjunction analyses
was not due to a complete lack of recollection-related activation in the core recollection network
as true recollection-related activation was identified within a typical recollection network.
Instead, the failure to identify neural overlap within components of the recollection network was
due to the lack of activation in these regions for recollection rejection as compared to lack of
familiarity. While this was an unexpected result, it is nonetheless consistent with previous
recollection rejection studies that have not separated responses based on subjective recollection
rejection experiences and have compared recollection rejection to true recollections (Achim &
Lepage, 2005; Gallo, Kensinger, et al., 2006; Gallo et al., 2010; Lepage et al., 2003). However,
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the question remains, if individuals do not utilize the canonical recollection network to retrieve
details of previous episodes, what mechanism underlies recollection rejection?
While it is difficult to answer this question fully with the present data, the answer may lie
in an important distinction between the ways in which recollection can be measured: objectively
and subjectively. The present study asked participants to evaluate the products of their own
retrieval and decide whether sufficient detail had been retrieved to warrant a recollection or
recollection rejection response. However, other studies objectively evaluate recollection by
asking participants to report a specific aspect of the item’s prior occurrence that is verifiable (i.e.,
source memory; for review see Mitchell & Johnson, 2009). For example, participants may be
asked to decide whether a retrieval item is old or new and, if it is old, report the location of
presentation during study (e.g., Mayes, Meudell, & MacDonald, 1991; Rothkopf, 1971), the
voice of the speaker presenting auditory stimuli (e.g., M. K. Johnson, Foley, & Leach, 1988), or
some other contextual detail manipulated by the experimenter during the study phase. In
investigating the neural correlates of this objective measure of recollection, studies tend to find
activation within lateral prefrontal and parietal cortices that serve as part of a source monitoring
network (Cansino, Maquet, Dolan, & Rugg, 2002; Dobbins, Foley, Schacter, & Wagner, 2002;
Slotnick, Moo, Segal, & Hart, 2003; for meta-analysis see Spaniol et al., 2009) – activation that
aligns well with the results from recollection rejection activation within the present study.
Importantly, and also consistent with the recollection rejection network identified here, in a
meta-analysis of recollection associated with true memories, activation within the medial
temporal lobes was consistently reported in association with subjective but not objective
recollection (Spaniol et al., 2009). In line with differences between subjective and objective
recollection for targets, one possible explanation for the disparity between the neural regions
supporting true recollection and recollection rejection is that the demands of the task for related
lures strongly resembled those of a source memory task while the demands associated with
targets were those typical of subjective recollection decisions. That is, the high degree of
similarity between targets and related lures may have limited the types of details that participants
could retrieve in order to use recollection rejection successfully. In particular, most participants
anecdotally reported during a post-study debriefing that perceptual details such as color, shape,
orientation of new items were the kinds of details that they noticed differed between new and old
items. Importantly, when recollecting target information, any detail recalled from the study
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episode would be informative and serve to increase the likelihood of a ‘remember’ response.
However, when retrieving details to reject a lure, recollection of the specific detail that
differentiates a lure from the target item is necessary. As such, recollection processing for lures
may have been more strategically focused on particular aspects of the stimuli as opposed to the
broader retrieval associated with true recollection. Further, recollection-related activation,
particularly in the medial temporal lobes, may have been washed out if lack of familiarity
responses were associated with some recollection of details irrelevant to distinguishing between
targets and related lures (Parks, 2007; Yonelinas & Jacoby, 1996). Thus, a goal for future
research is to directly compare objective and subjective measures of recollection and recollection
rejection within the same subjects in order to quantitatively evaluate the correspondence between
recollection rejection and the objective recollection network.
True recollection and recollection rejection differences. In addition to evaluating overlap
in processes supporting true recollection and recollection rejection, a goal of the present study
was to identify brain areas showing differences between true recollection and recollection
rejection. While overlap was predicted between true recollection and recollection rejection, it
was also expected that true recollection would elicit greater activation in the canonical
recollection network. This prediction follows from the idea that target items serve as better cues
to elicit recollection than lures as they provide the best match between encoding and retrieval
conditions (Morris, Bransford, & Franks, 1977; Tulving & Thomson, 1973) and should thus lead
to a higher quality recollection signal within the recollection network. This hypothesis was tested
by examining the interaction effect in a repeated-measures ANOVA that included the factors of
stimulus type (target, related lure) and memory response (recollection-based, familiarity-based).
The results from the interaction revealed two patterns of activity: regions showing similar effects
for recollection rejection and true familiarity as compared to true recollection and lack of
familiarity (left inferior frontal gyrus, right precuneus/superior parietal cortex, and left inferior
parietal cortex) as well as regions that showed similar effects for true recollection and lack of
familiarity as compared to both recollection rejection and true familiarity (ventromedial PFC and
right inferior parietal cortex/superior temporal gyrus; see Figure 3b). Each of these effects is
discussed below.
Regarding the first interaction pattern, regions showing both recollection rejection and
true familiarity effects likely reflect a top-down memory search process that serves to confirm or
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disconfirm feelings of familiarity via retrieval of specific episodic details when such details do
not come immediately to mind. This pattern arises in portions of parietal cortex and is consistent
with theories linking parietal activity during episodic retrieval to attentional (Cabeza, 2008;
Cabeza, Ciaramelli, & Moscovitch, 2012; Cabeza, Ciaramelli, Olson, & Moscovitch, 2008) and
working memory processes (Hutchinson, Uncapher, & Wagner, 2009; Wagner, Shannon, Kahn,
& Buckner, 2005) that may help accumulate evidence toward a retrieval decision. Activation in
the left inferior frontal gyrus associated with this interaction pattern has been shown to linearly
track confidence in memory decisions associated with familiarity (Montaldi, Spencer, Roberts, &
Mayes, 2006; Yonelinas et al., 2005) as well as showing activity that is greater for familiaritybased hits than misses (Vilberg & Rugg, 2007). While it was predicted that recollection rejection
would show a high degree of correspondence with true recollection, it is perhaps unsurprising
that some brain regions instead showed both recollection rejection and true familiarity effects as
behavioral false memory studies have shown related lures to be associated with high levels of
familiarity (Jacoby, 1991; Öztekin, Güngör, & Badre, 2012; Yonelinas & Jacoby, 1995). Indeed,
the theory that recollection is necessary to reject related lures is predicated on the high degree of
familiarity associated such lures, which leads to false recognition if unopposed by true details
from a previous episode (Brainerd & Reyna, 2002; Brainerd et al., 2003).The present study thus
provides evidence of a familiarity signal within portions of prefrontal and parietal cortices
(Henson, Rugg, Shallice, Josephs, & Dolan, 1999; Yonelinas et al., 2005) that contributes to
memory decisions for both targets and lures that fail to elicit a strong bottom-up memory signal.
Regarding the second interaction pattern, regions showing both a true recollection and a
lack of familiarity effect likely reflect bottom-up attention and memory processes for items
associated with either very strong memory traces (i.e., recollections) or lacking memory traces
entirely (i.e., unfamiliar/novel items). As previously stated, medial PFC activation is typical in
studies of subjective recollection (Daselaar, Fleck, & Cabeza, 2006; Fenker, Schott, RichardsonKlavehn, Heinze, & Duzel, 2005; Henson et al., 1999; J. D. Johnson & Rugg, 2007) but also
commonly shows novelty detection effects (Berns, Cohen, & Mintun, 1997; Bowman & Dennis,
in press-b; Kiehl, Laurens, Duty, Forster, & Liddle, 2001; Tulving, Markowitsch, Craik, Habib,
& Houle, 1996; Tulving, Markowitsch, Kapur, Habib, & Houle, 1994). Likewise, portions of
superior temporal gyrus have shown both true recollection (Fenker et al., 2005; Yonelinas et al.,
2005) and novelty detection (Bowman & Dennis, in press-b; Tulving et al., 1994) responses.
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Taken together, the present results fit with the previous literature and suggest that the common
factor between both true recollections and novelty responses is attentional capture associated
with very salient items in memory. Interestingly, the ‘unfamiliar’ responses in the present
analysis were to related lures that should be associated with some degree of familiarity given
common features to targets. As such, it is somewhat difficult to conclude that the ‘unfamiliar’
responses here represent novelty detection in the traditional sense. Future analyses will test the
hypothesis that the correspondence between true recollection and lack of familiarity for related
lures is driven by bottom-up memory capture by comparing these regions to those showing lack
of familiarity effects for unrelated lures, a more typical novelty detection measure. Further, it is
possible that study categories were not well-encoded and/or difficult to retrieve, making the
related lures associated with these categories unfamiliar during test. In line with this hypothesis,
future analyses of the present data will assess encoding-related activity associated with
categories eliciting subsequent ‘unfamiliar’ responses to related lures, which should show
activation consistent with subsequent ‘miss’ responses to targets if such lack of familiarity arises
from a failure to encode the category at study.
Neural correlates of strategies for rejecting retrieval lures. In addition to evaluating the
relationship between true recollection and recollection rejection processing, a goal of the present
study was to identify neural activity that is associated with false memory suppression regardless
of strategy (i.e., common recollection rejection and lack of familiarity activity) and that which
specifically supports one strategy or the other. To do so, recollection rejection and lack of
familiarity were compared to false recognition. This comparison held the type of stimulus
constant (related lure) while assessing neural activity that supported successful responses to these
stimuli (correct rejections of either type). Based on the hypothesis that recollection rejection and
lack of familiarity represent two relatively distinct strategies for suppressing false recognition, it
was predicted that the two responses would be associated with relatively little neural overlap.
Instead, it was predicted that recollection rejection would be supported by the core recollection
network while lack of familiarity responses would show engagement of a novelty detection
network. Given a substantial debate and competing hypotheses about the role of the medial
temporal lobes in recollection and novelty processing (Brown & Aggleton, 2001; Diana,
Yonelinas, & Ranganath, 2007; Kumaran & Maguire, 2007b, 2009; Yonelinas, 2002), it was of

69

particular interest whether differences within subregions of the MTL would emerge. More
specifically, given theories positing that hippocampal processing supports recollection (Diana et
al., 2007), it was expected that recollection rejection would show greater engagement of the
hippocampus compared to both false recognitions and lack of familiarity responses. Further,
given theories positing that portions of rhinal cortex (including both entorhinal and perirhinal
cortices) subserve item-based novelty signals (Brown & Aggleton, 2001; Kumaran & Maguire,
2007b, 2009), it was predicted that lack of familiarity would show greater engagement of this
cortical MTL signal compared to both false recognitions and recollection rejections. Results
comparing correct rejection strategies are presented below, including separate correct rejection
success contrasts (i.e., correct rejection > false recognition) for each strategy, followed by
comparisons between recollection rejection and lack of familiarity within these success
networks.
Recollection rejection success. As a first step in evaluating the neural correlates of
rejecting related lures, recollection rejection was compared to related false recognitions as a
measure of novelty success similar to a typical retrieval success measure (i.e., hit > miss).
Somewhat surprisingly, results revealed a relatively limited set of brain regions that showed
accuracy effects associated with recollection rejection responses to related lures, including leftlateralized middle frontal gyrus, right striatum, left inferior temporal gyrus, and left
superior/inferior parietal cortices, and early visual cortex. Further, the network engaged for
recollection rejection success did not resemble the canonical recollection network. While this
lack of correspondence between recollection rejection and the core recollection network has been
noted previously, results from the present analysis demonstrate that this unexpected finding is
not merely an issue with the particular baseline of ‘unfamiliar’ responses. Instead, when
compared to false recognitions, recollection rejection-related neural activity again does not align
well with an expected recollection network.
Despite the limited scope of activation differentiating recollection rejection from false
recognitions, results are nonetheless consistent with a previous study demonstrating a key role
for perceptual processing in rejecting retrieval lures, particularly when lures show strong
perceptual overlap with targets (Bowman & Dennis, in press-b). This previous work suggested
that when targets and lures share overlapping features, detection of perceptual details that differ
between targets and lures is critical to facilitating successful responses to such lures. While
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previous research has suggested that such a sensory signal reflects retrieval of specific perceptual
details from an encoding episode (Dennis et al., 2012; J. D. Johnson et al., 2009; J. D. Johnson &
Rugg, 2007; Slotnick & Schacter, 2004), the present study is the first to show that this visual
signal in a case where participants directly report having retrieved critical details of target items
to facilitate rejection of lures. However, while differences between recollection rejection and
false recognitions provide some initial evidence in support of sensory reactivation of studied
details in support of rejecting related lures, this conclusion is tempered by similar visual
processing regions likewise supporting lack of familiarity responses to related lures (see below).
Thus, while engagement of visual processing seems to be critical to avoiding false recognitions,
it does not appear to be a recollection rejection-specific process.
Critically, however, no MTL signal was identified that supported recollection rejection as
distinct from false recognitions, hippocampal or otherwise. This was also a surprising finding
given that memory theory posits that recollection rejection relies on a recall (Lampinen, Faries,
Neuschatz, & Toglia, 2000; Lampinen et al., 2004; Odegard & Lampinen, 2005; Odegard et al.,
2005) or at least a mismatch signal (Brainerd & Reyna, 2002; Brainerd et al., 2003; Kumaran &
Maguire, 2007a, 2007b) that should involve the medial temporal lobes. It is possible that the
comparison to related false recognitions may have underestimated the extent of MTL
engagement for recollection rejection given evidence for MTL signals that support false
recognitions (Cabeza et al., 2001; Dennis et al., 2012; Garoff-Eaton et al., 2006; Gutchess &
Schacter, 2012; Kahn et al., 2004; Schacter et al., 1997; Schacter et al., 1996; Slotnick &
Schacter, 2004; Stark et al., 2010; von Zerssen et al., 2001). However, as reported previously,
recollection rejection showed no evidence of MTL engagement when compared to lack of
familiarity responses either. Taken together, results from the present study provide no evidence
of an MTL signal that contributes to recollection rejection processing as defined either in terms
of success (i.e., correct rejection > false recognition) or in terms of strategy differences (i.e.,
recollection rejection > lack of familiarity). Thus, despite behavioral findings that are consistent
with a recollection rejection mechanism, it is difficult to understand the mechanism by which
individuals retrieve details of studied items when presented with a related lure. There is some
evidence of perceptual signals that may index reactivation of details from encoding; however,
such sensory activation would provide stronger evidence for reactivation if also coupled with
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MTL activation given the posited role of the MTL in reconstructing episodes during retrieval
(Alvarez & Squire, 1994; Damasio, 1989; Norman & O'Reilly, 2003).
An area of potential future investigation regarding recollection rejection is the extent to
which MTL-signals differentiating between targets and related lures are in fact specifically
associated with the dentate gyrus portion of the hippocampus. Recent research has recently used
high-resolution imaging of the hippocampal formation to identify a ‘pattern separation’ signal
within the human dentate gyrus/CA3 region (Azab, Stark, & Stark, 2014; Bakker, Kirwan,
Miller, & Stark, 2008; Kirwan & Stark, 2007). This pattern separation effect is posited to form
distinct representations of similar episodes in memory to allow for fine discrimination between
events (Yassa & Stark, 2011). Such pattern separation effects are typically measured at the time
of encoding, and it is thus unclear the extent to which this mechanism may contribute directly to
recognition decisions for new items that resemble aspects of previous experience. In particular,
pattern separation signals could contribute to recollection rejection given that recollection
rejection should involve both the reactivation of the studied item as well as the detection of some
mismatch between the related lure and the studied item. Such a finding would provide evidence
of an MTL-based recollection signal associate with rejecting lures at retrieval that may not be
apparent in the present whole-brain analyses.
Lack of familiarity success. It was predicted that related lures rejected based on lack of
familiarity would show greater engagement of a novelty detection network compared to related
lures that were falsely identified as old. Indeed, this success contrast for lack of familiarity
revealed activation in a number of brain regions typically associated with novelty detection,
including the ventromedial PFC/anterior cingulate (Berns et al., 1997; Bowman & Dennis, in
press-b; Kiehl et al., 2001; Tulving et al., 1996; Tulving et al., 1994), bilateral superior temporal
gyri (Bowman & Dennis, in press-b; Dobbins & Wagner, 2005; Tulving et al., 1994; Wright et
al., 2003), and bilateral hippocampus (Grunwald, Lehnertz, Heinze, Helmstaedter, & Elger,
1998; J. D. Johnson, Muftuler, & Rugg, 2008; Kohler et al., 2005). Thus, the present results
revealed that while related lures are typically presumed to be associated with a high degree of
familiarity (Jacoby, 1991; Yonelinas et al., 1996), some proportion of even these highly related
lures are rejected based on novelty detection processes. Further, when such lures were rejected
based on a subjective sense of non-recognition, a typical novelty detection network was engaged,
even as compared to other objectively novel items that were associated with subjective
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familiarity (i.e., false recognitions). Taken together, results from this analysis supported
predictions and demonstrated that lack of familiarity responses can identify novelty-based neural
activity even for items typically thought to be associated with a familiarity signal.

Figure 4. Neural activity in young adults associated with a) recollection rejection success as
distinct from lack of familiarity (i.e., Recollection Rejection > Lack of Familiarity inclusively
masked with Recollection Rejection > Related False Recognition) and b) lack of familiarity
success as distinct from recollection rejection (i.e., Lack of Familiarity > Recollection Rejection
inclusively masked with Lack of Familiarity > Related False Recognition).
Common rejection success. It was predicted that recollection rejection and lack of
familiarity responses would show relatively little neural overlap given the theoretical differences
in the nature of these strategies. Indeed, results revealed common activation in a relatively
limited set of brain regions, including left precentral gyrus, right striatum, right posterior
hippocampus, retrosplenial cortex, and right early visual cortex. Importantly, a number of these
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regions observed in the conjunction did not meet the extent threshold in the individual
comparisons that made up the conjunction6. For example, while the conjunction analysis
revealed activation in the right posterior hippocampus that supported both recollection rejection
and lack of familiarity processing, activation in this region was not identified as part of the
recollection rejection success contrast because of the small extent of activation (i.e., k < 36).
Further, to my knowledge, only one previous study has used false recognitions as a baseline for
assessing correct rejection effects (Bowman & Dennis, in press-b) because new-old (i.e., correct
rejections – hits) is a more typical contrast for evaluating the neural basis of correct rejections
outside of false memory paradigms (for meta-analysis see Kim, 2013). Although a more typical
contrast, hits do not serve as the best baseline for correct rejections as the two trial types differ in
two ways: the true history of the item (old versus new) as well as the subjective memory
response (also ‘old’ versus ‘new’). As such, neural differences associated with the correct
rejection > hits contrast could be related to either implicit or explicit memory effects as the two
are confounded in this type of contrast. Instead, as stated previously, false recognitions serve as
the ideal baseline for correct rejections because they control for the true novelty of the item while
assessing differences associated with memory responses. However, despite the theoretical
strength of using this contrast, it is difficult to evaluate the present results in light of previous
research given that it has been little utilized in previous literature. Thus, while the results from
this analysis provide some evidence of a limited network associated with successful rejection of
lures across strategies, further research will be necessary to better understand the precise
common mechanisms supporting both types of correct rejections.
Rejection strategy differences. In addition to evaluating overlap between rejection
strategies, a goal of the present study was to identify differences in the neural underpinnings of
recollection rejection and lack of familiarity. Neural regions supporting recollection rejection as
distinct from both lack of familiarity and related false recognitions included left inferior parietal
cortex/precuneus as well as two clusters within the cerebellum (see Figure 4a). Thus, activation
that specifically supported recollection rejection as compared to other responses to related lures
6

	
  Individuals contrasts were presented at an uncorrected p < 0.005 and k = 36, which resulted in a corrected
threshold of p < 0.05. However, conjunctions were thresholded with the individual contrasts at p < 0.005 and k = 7
so that the conjoint threshold was corrected at p < 0.05. In most cases this yielded regions of common activation that
were significantly active in the individual contrasts that made up the conjunction. However, in some cases, clusters
that did not meet the cluster extent but had significant t-value in the individual contrasts were then considered
above-threshold in the conjunction analysis.
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was relatively limited. As such, the neural signals that lead to successful recollection rejection
but do not also contribute to lack of familiarity appear to be fairly subtle, particularly as
compared to those distinguishing recollection rejection from lack of familiarity without also
accounting for false recognitions.
Lack of familiarity, however, was associated with differential activity throughout the
major components of the network identified as supporting successful lack of familiarity
responses, including ventromedial PFC/anterior cingulate, bilateral superior temporal gyri, and
the right hippocampus (see Figure 4b). The fact that neural activity within this network
distinguishes lack of familiarity responses from all other responses to related lures provides
strong evidence for the specificity of this network. Further, distinctions between lack of
familiarity and recollection rejection within this network provide further evidence that the
process subserved by these regions is in fact novelty detection. That is, comparisons between
correct rejections based on lack of familiarity and those based on recollection rejection reduce
the possibility that neural activity associated with lack of familiarity is tracking the subjective
sense of novelty across all items identified as new (Daselaar, Fleck, Prince, & Cabeza, 2006). To
further establish the extent to which lack of familiarity responses to related lures reflect a novelty
detection signal, future analyses will compare lack of familiarity responses across related and
unrelated lures given that responses to unrelated lures represent a more typical measure of
novelty detection. As such, engagement of similar neural regions for lack of familiarity
responses across both related and unrelated lures would provide strong evidence in support of the
novelty detection account of lack of familiarity-related neural activity.
Summary: Young adults. The present study sought to elucidate the neural correlates of
recollection rejection in relation to both true recollection and lack of familiarity processes.
Results demonstrated that, as indicated by previous recollection rejection studies, recollection
rejection was associated with activation in fronto-parietal retrieval monitoring regions. However,
contrary to expectations, recollection rejection failed to elicit activation within the typical
recollection network as indicated by very little overlap in neural activity between true
recollection and recollection rejection. Thus, while it is clear that recollection rejection involves
increases in strategic retrieval, there was very little evidence of a true recollection mechanism
operating during recollection rejection. Results comparing strategies for rejecting lures at
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retrieval (i.e., recollection rejection and lack of familiarity) demonstrated novelty detection
effects even for highly related lures, suggesting that although most related lures are associated
with high degrees of familiarity, some proportion of such lures can be rejected based on novelty
processing alone.

The cognitive and neural basis of recollection rejection in older adults

Behavioral findings. Similar to findings in young adults, it was predicted that older adults
would show a typical false memory effect in which related lures would be rejected at a lower rate
than unrelated lures. That is, although older adults often show age-related increases in related
false recognitions compared to young adults, the pattern of increased false recognitions for
related as compared to unrelated lures typically still holds for older adults (Koutstaal, Schacter,
& Brenner, 2001; Koutstaal & Schacter, 1997; Tun et al., 1998). This prediction was supported
in the present study with older adults showing lower rejection rates (and therefore higher false
recognition rates) for related as compared to unrelated lures (see Figure 2). This replication of
the typical false memory effect in older adults suggests that the response paradigm employed in
the present study does not disturb typical old/new recognition processes, facilitating comparisons
to previous studies that have not differentiated between recollection rejection and lack of
familiarity for lures.
In addition to replicating typical false recognition findings, it was predicted that older
adults, like young, would show increased recollection rejection rates for related lures compared
to unrelated lures. That is, higher rates of false recognitions would be coupled with higher rates
of recollection rejection, suggesting that such recollections are critical to rejecting lures that are
typically associated with high levels of familiarity (Brainerd & Reyna, 2002; Brainerd et al.,
2003). This prediction was in fact confirmed in the present study: older adults showed the
highest rates of both false recognitions and recollection rejection for related lures compared to
other stimulus types. Similar to findings from young adults, increased recollection rejection
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associated with related lures suggests that when lures resemble studied items, failure to retrieve
details of studied items is likely to lead to false recognition. Thus, retrieval of true details is key
to supporting accurate decisions for related lures as such details provide evidence against
labeling the lure as ‘old.’ While a large body of literature has suggested that older adults show
reduced recollection compared to young adults (Bastin & Van der Linden, 2003; M. W. Howard
et al., 2006; Jennings & Jacoby, 1997; Prull et al., 2006; Stamenova et al., 2014; Wong, Cramer,
& Gallo, 2012), the present data demonstrate that when older adults reject related lures, it is
largely based on a recollection response. Further, while the previous behavioral literature has
been mixed with regard to age-deficits in recollection rejection (Cohn et al., 2008; Gallo, Bell, et
al., 2006; Gallo et al., 2007), results from the present study demonstrate that older adults do in
fact utilize recollection rejection differentially across levels of relatedness in a manner that is
similar to young adults. Thus, across both young and older adults, rejection of lures that show
strong similarity to studied items typically involves retrieval of studied details in order to oppose
feelings of familiarity associated with these items.
Regarding ‘unfamiliar’ responses, predictions for older adults once again mirrored those
in young: it was expected that older adults would show an increasing lack of familiarity
responses with decreasing similarity between targets and lures, indicating a novelty detection
response increasing with the disparity between studied items and retrieval lures. This prediction
was also supported by the data. Older adults showed a higher ‘unfamiliar’ response rate for
unrelated as compared to related lures. Such findings support the hypothesis that judgments
based on familiarity (or lack thereof) can be effective in rejecting information that bears little
resemblance to past experience (Jones & Atchley, 2006; Matzen et al., 2011; Meeks et al., 2014).
Data also support the notion that unrelated lures typically are insufficient cues to elicit
recollection of any particular past episode given the relatively little overlap with information
presented at study. Importantly, while many of the predictions regarding recollection and
familiarity elicited by retrieval lures have been made based on theories and data from young
adults (Dobbins et al., 1998; Jones, 2005; Jones & Atchley, 2006; Lampinen et al., 2004; Matzen
et al., 2011; Meeks et al., 2014; Odegard & Lampinen, 2005; Odegard et al., 2005; Rotello &
Heit, 1999, 2000; Rotello et al., 2000), this overall pattern exists for older adults as well. Thus,
like with recollection rejection responses, older adults show a pattern of novelty detection
responses that is largely similar to that of young adults. Taken together, results in older adults
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provide initial evidence that young and older adults engage similar overall processes when
successfully rejecting lures at retrieval.
Relationship between the neural correlates of true recollection and recollection rejection.
True recollection. While neural responses in older adults are typically evaluated in
comparison to young adults, the present study sought to characterize the neural basis of true
recollection within older adults as well as across age groups. Age differences in the neural
correlates of retrieval have been identified across a number of studies (for reviews see Dennis &
Cabeza, 2008; Rajah & D'Esposito, 2005). However, such age deficits can arise either because
one group fails to engage particular regions entirely or because the groups modulate neural
activity differentially across responses. Indeed, both of these patterns may emerge within the
same data across different regions of the brain (Bowman & Dennis, in press-a; McDonough et
al., 2014). As such, the present section serves to identify neural activity supporting true
recollection in older adults both to assess the nature of memory processes within older adults and
to provide a means of interpreting potential age differences associated with neural processing.
Comparisons between true recollection and familiarity in older adults revealed a network
largely similar to that recruited by young adults, including medial prefrontal cortex
(ventromedial PFC and anterior cingulate), bilateral MTL (including the hippocampus and
parahippocampal gyrus), posterior cingulate cortex, and right-lateralized fusiform/inferior
temporal gyrus (see Figure 5a). As stated previously, medial prefrontal and parietal (i.e.,
posterior cingulate) cortices have been shown to be part of a default-mode network that typically
shows below-baseline activity during tasks that involve externally-oriented attention (Buckner et
al., 2008; Fox et al., 2005; Raichle et al., 2001), but also often shows effects during episodic
retrieval (Buckner et al., 2008; Greicius, Srivastava, Reiss, & Menon, 2004; Spreng & Grady,
2010; Spreng et al., 2009). In aging, studies have suggested that older adults may be entrenched
in the DMN, having difficulty switching from the DMN to the ‘task positive’ network to support
performance on externally-guided tasks (Grady, Springer, Hongwanishkul, McIntosh, &
Winocur, 2006; Lustig et al., 2003; Marstaller, Williams, Rich, Savage, & Burianova, 2015;
Pinal, Zurron, Diaz, & Sauseng, 2015). In the present data, results suggest that, while agedifferences may be observed in these regions, older adults nonetheless show the typical overall
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pattern of engagement of midline regions associated with successful retrieval responses during
subjective recollection tasks.
In addition to midline activation associated with default-mode processing, older adults
showed activation in bilateral MTL regions and perceptual processing regions that supported true
recollection compared to true familiarity. While older adults often show reductions in MTL (and
specifically hippocampal) functioning during memory retrieval (Dennis et al., 2008; McDonough
et al., 2014; Morcom, Li, & Rugg, 2007), the present results show that, at least in the present
data, potential age differences in this MTL signal are not driven by a lack of MTL engagement in
the older adult group. That is, older adults showed robust activation across a typical recollection
network that included the MTL, suggesting that older adults in the present study engaged a
reconstructive recollection process similar to that of young adults. Further, while some studies
have suggested that older adults show reduced perceptual reactivation of study details during
retrieval compared to young adults (Dennis et al., 2014; McDonough et al., 2014; but see Wang,
Johnson, de Chastelaine, Donley, & Rugg, 2015), the present results demonstrate that such a
perceptual signal nonetheless contributes to older adult memory decisions. In particular, a region
of right fusiform/inferior temporal gyrus showed greater activation for true recollections as
compared to familiarity, providing evidence of a sensory signal that supports true memories
based on recollection in older adults. Taken together, results from the present study indicate that
older adults engage typical recollection regions associated with their true recollection responses.
Recollection rejection. While the effects of aging on recollection rejection have been
evaluated via behavioral studies (Cohn et al., 2008; Gallo, Bell, et al., 2006; Gallo et al., 2007),
the present study represents the first evaluation of the neural basis of recollection rejection within
older adults. Although it was predicted that older adults would show both behavioral and neural
deficits compared to young adults for recollection rejection, the present results revealed that
older adults nonetheless recruit a neural network that is qualitatively similar to that of young (see
Age Comparisons for a quantitative analysis). That is, older adults showed activation across wide
portions of prefrontal cortex (e.g., bilateral inferior, middle, and superior frontal gyri), parietal
cortices (e.g., bilateral superior and inferior parietal cortices, and angular and supramarginal
gyri), bilateral striatum, and bilateral occipital cortices that distinguished between recollection
rejection and lack of familiarity responses (see Figure 5a). This fronto-parietal and striatal
network is consistent with the hypothesis that monitoring and top-down attention and control
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processing is critical to recollection rejection processing (Achim & Lepage, 2005; Gallo,
Kensinger, et al., 2006; Gallo et al., 2010; Lepage et al., 2003). Critically, while previous
neuroimaging studies in young adults have assumed that all lures with a strong resemblance to
studied information require recollection rejection to successfully reject those items, the present
results show that 1) not all such lures are rejected based on recollection rejection and 2) such
fronto-parietal control processes are recruited to a greater degree for rejections based on
recollection rejection than those based on lack of familiarity, even when the type of lure (i.e.,
related lure) is held constant. Thus, activity within the present contrast reflects neural activity
that specifically contributes to older adults’ use of recollection rejection.
As stated in the Introduction, activation within prefrontal cortices in often found to
support successful retrieval decisions for older adults (Anderson et al., 2000; Bäckman et al.,
1997; Cabeza, 2002; Cabeza et al., 2000; Cabeza et al., 2002; Dennis et al., 2014; Grady et al.,
2002; Madden, Turkington, et al., 1999). While such success is typically measured in terms of
true memories, at least one previous study has also demonstrated PFC activation, particularly in
ventrolateral PFC, that older adults engage to support rejection of retrieval lures. Further, such
ventrolateral PFC activation was also shown to be moderated by the degree of relatedness
between new and studied information (Bowman & Dennis, in press-a), suggesting greater
engagement with greater difficulty of lure rejection. The current results expand on this previous
finding by showing that, when lures are related to studied information, activation within
prefrontal cortex is modulated not only with regard to the characteristics of the lures, but also by
the ability to recall information about previously studied items. In addition to prefrontal regions,
older adults also recruited bilateral parietal cortices and bilateral striatum to support recollection
rejection. These regions are often identified as part of a general control network both within and
outside the context of episodic memory [e.g., attention (Hopfinger, Buonocore, & Mangun,
2000; Ravizza & Ciranni, 2002), working memory (McNab & Klingberg, 2008; Owen,
McMillan, Laird, & Bullmore, 2005), inhibition (Aron et al., 2007; Simmonds, Pekar, &
Mostofsky, 2008); and episodic memory (Scimeca & Badre, 2012; Wagner et al., 2005)]. The
present results demonstrate that, like young, older adults recruit such control and monitoring
processes to support recollection rejection. However, it is difficult in the present study to make
strong conclusions about the precise role of the prefrontal cortex, parietal cortex, and striatum
given both the wide extent of activation that suggests strong recruitment of multiple control
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processes. Further, in the absence of a clear retrieval signal in the MTL, it also is unclear
precisely what aspect of memory is being monitored. As the present study lacked a specific
manipulation of control processes in its design, a goal of future research will be to manipulate
the demand on specific control mechanisms in order to evaluate 1) how specific control
mechanisms contribute to recollection rejection and 2) how such mechanisms change with
advanced age.
Common recollection for targets and related lures. A critical goal of the current study
was to evaluate the extent to which recollection rejection and true recollection rely on similar
neural correlates. As noted above, it was posited that if recollection rejection is supported by a
true retrieval mechanism, there should be significant overlap in the neural processes supporting
both types of memory decisions. In older adults, there was no evidence to support this hypothesis
as older adults showed no overlap in a conjunction analysis of true recollection and recollection
rejection. While young adults showed relatively limited overlap in one region of visual cortex,
even such limited overlap was not identified in older adults. Overall, the complete lack of
overlap in neural activity in older adults suggests that the true recollection mechanism that is
posited to operate during recollection rejection may not in fact drive rejection of related lures.
Importantly, the lack of overlap between recollection rejection and true recollection was
not a by-product of true recollection deficits in older adults: older adults showed true
recollection-related activation throughout the core recollection network. Likewise, older adults
showed neural activation associated with recollection rejection that was largely consistent with
the network young adults engaged and which strongly resembled the objective recollection
network (Dulas & Duarte, 2012; Spaniol et al., 2009; Spaniol & Grady, 2012). Thus, results
within the older adult sample matched those of young in that the recollection rejection network
recruited was robust, but entirely non-overlapping with the true recollection network. As such,
there is little evidence that retrieval processes operating during recollection rejection reflect the
same recollection signal elicited by targets. The fact that the finding in young adults is essentially
replicated within the older adult sample provides support for the veracity of this conclusion.
True recollection and recollection rejection differences. In addition to evaluating the
extent to which older adults engaged common neural processes to support true recollection and
recollection rejection, a goal of the present study was to identify areas showing differential
effects across types of recollection. To do so, an ANOVA was performed with stimulus type
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(target, related lure) and memory response (recollection-based, familiarity-based) as factors. The
interaction component was used to identify brain regions showing differential recollection effects
based on whether such recollection was elicited by a studied item or a lure. This analysis
revealed two significant clusters of activation – one cluster in the precuneus and one in the left
middle frontal gyrus (see Figure 5b). A similar pattern emerged in each of these regions:
recollection rejection activation tended to track with that of true familiarity with true recollection
and lack of familiarity responses showing reduced activation in comparison. Regions showing
this pattern were also identified in young adults – a similar precuneus region and a prefrontal
region slightly inferior to the one identified in older adults as well as a completely distinct region
in left inferior parietal cortex. Thus older adults, like young, if anything show evidence for a
relationship between recollection rejection and familiarity as opposed one between recollection
rejection and true recollection.

Figure 5. Neural activity in older adults associated with a) true recollection (in blue) and
recollection rejection (in red) and b) the stimulus (target, lure) x response (recollection-based,
familiarity-based) interaction effect. Bar graphs depict mean beta parameters associated with
each trial type in the ANOVA averaged across each cluster as well as standard error. MFG =
middle frontal gyrus.
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While correspondence between activation supporting recollection rejection and true
familiarity was not predicted, it is (again) unsurprising given the high level of similarity between
related lures and studied items. Indeed, false recognitions are posited to occur in large part due to
the strong feeling of familiarity associated with these items (Jacoby, 1991; Yonelinas & Jacoby,
1996) and such familiarity may be particularly strong in older adults (for review see Light, Prull,
LaVoie, & Healy, 2000). The fact that such familiarity-based neural responses are similar to
those of recollection rejection in older adults suggests that left middle frontal gyrus and the
precuneus support common familiarity processes across targets and related lures but not the
ability to retrieve studied details. Previous aging studies have identified both of these regions as
contributing to familiarity-based decisions for studied items (Angel et al., 2013; Duarte, Graham,
& Henson, 2010b). Thus, results from the present study extend previous findings by indicating
that such familiarity signals occur across both targets and lures. Further, as discussed with regard
to results in young adults, this common signal for recollection rejection and true familiarity
likely represents a top-down memory search signal that seeks to identify episodic details
necessary to support a recollection-based memory decision (Lampinen et al., 2000; Lampinen,
Meier, Arnal, & Leding, 2005; Lampinen, Neuschatz, & Payne, 1999). Unlike young adults, no
region in older adults showed the opposing patter: similar activation for true recollection and
lack of familiarity as compared to both recollection rejection and true familiarity. As such, there
is little evidence of the bottom-up component of these memory decisions in older adults.
However, direct age comparisons are necessary (see Age Comparisons section) before making
strong conclusions aging effects within these interaction patterns.
Neural correlates of strategies for rejecting lures. In addition to evaluating the relationship
between the neural basis of recollection rejection and true recollection, a secondary goal of the
present study was to identify neural resources that older adults engage to support the correct
rejection of lures and thus help support accurate retrieval by suppressing false memories. As
such, each type of correct rejection (recollection rejection and lack of familiarity) was compared
to false recognitions as a measure of retrieval success for lures (Bowman & Dennis, in press-a, in
press-b) in order to identify individual success contrasts for recollection rejection and lack of
familiarity. Brain regions showing a success effect for lures across both strategies for
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suppressing false memories were identified by determining overlap between the above-described
individual success contrasts. Lastly, differences in neural activity associated with the two
strategies for rejecting lures were evaluated by directly contrasting recollection rejection and lack
of familiarity within the individual success networks. It was predicted that if older adults utilize
recollection rejection and lack of familiarity as distinct strategies for suppressing false memories,
there should be little overlap between the neural correlates of these two responses. In particular,
given the theoretical overlap between recollection rejection and true recollection, it was
predicted that recollection rejection would show greater activation within a typical recollection
network, including midline prefrontal and parietal regions as well as the hippocampus. In
contrast, it was predicted that lack of familiarity would represent a novelty detection response
and would thus elicit activation in regions such as lateral temporal cortex, the anterior cingulate,
and rhinal cortex (Brown & Aggleton, 2001).
Recollection rejection success. Regions demonstrating recollection rejection success
effects were identified by comparing recollection rejection to false recognitions. While it was
predicted that recollection rejection would elicit activation within a typical recollection network,
this analysis instead revealed activation in regions such as left middle and inferior frontal gyri,
bilateral striatum, occipital cortex, and the cerebellum. Although not consistent with predictions,
the lack of activation within the typical recollection network for recollection rejection success
does provide evidence that the lack of overlap between recollection rejection and true
recollection identified previously is not driven by the specific baseline used. That is, across
multiple comparisons (across two different participant samples), recollection rejection did not
recruit neural activity consistent with true recollection processing. Thus, there is considerable
evidence within the current data to suggest that recollection rejection represents a distinct
mechanism for rejecting retrieval lures across both young and older adults.
With regard to neural activation that supported successful recollection rejection as
compared to false recognitions, activation was highly consistent with a previous study in older
adults computing a similar contrast (correct rejections > false recognitions) that did not however
distinguish between ‘new’ responses based on recollection rejection from those based on lack of
familiarity (Bowman & Dennis, in press-a). This previous study found that older adults recruited
portions of prefrontal cortex, right caudate nucleus, occipital cortex, and the cerebellum when
rejecting retrieval lures (both related and unrelated). Such activation was posited to reflect PFC-
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mediated monitoring and control processes that support successful retrieval decisions in young
and older adults (Cabeza, 2002; Dobbins, Rice, Wagner, & Schacter, 2003; Grady, McIntosh, &
Craik, 2005) as well as perceptual processing that likewise contributes to successful memory
responses (Dobbins et al., 2003; Duarte, Henson, & Graham, 2008). Further, activation in left
middle/inferior frontal gyri is consistent with recollection rejection studies in young adults that
suggest this region mediates retrieval monitoring processes (Gallo, Kensinger, et al., 2006; Gallo
et al., 2010). Results from the present study extend these previous findings by demonstrating that
such retrieval monitoring and perceptual processing previously associated with rejecting related
lures generally may in fact be driven by recollection rejection processing not previously
accounted for. Thus, while recollection rejection did not recruit canonical recollection regions
such as midline PFC and parietal regions and the medial temporal lobes, results did reveal
evidence that older adults engaged brain regions often associated with effortful retrieval and
reactivation of perceptual details from a study episode when using recollection to suppress false
memories.
Not only did the aforementioned activation in prefrontal cortex (specifically inferior
PFC) and visual cortex replicate that of a previous study, older adults in both studies also showed
activation in the striatum (caudate nucleus) and cerebellum that distinguished between lures that
were correctly rejected from those that were falsely endorsed as ‘old.’ This activation was not
predicted in the present study and not discussed in the previous study and thus must be
interpreted with some caution. However, its replication does bear some attention and
understanding its contribution to false memory suppression should be investigated in future
studies. Based on accounts of striatal (Scimeca & Badre, 2012) and cerebellar (Andreasen et al.,
1999) processing during memory retrieval, it is likely that activation within these regions reflects
selection mechanisms that serve to monitor and refine retrieval processes within other regions.
That is, the reciprocal connections both the striatum and cerebellum have with cortex make both
regions well suited to moderating ongoing cortical processing in order to select appropriate
responses (Parent & Hazrati, 1995; Schmahmann & Caplan, 2006). A previous study
demonstrated that older adults engage both of the regions to support rejection of both related and
unrelated lures as compared to false memories (Bowman & Dennis, in press-a). Thus, while the
present study identified activation within the striatum and cerebellum that distinguished
recollection rejection from false recognitions, it is unlikely that these regions contribute
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specifically to this strategy for rejecting lures as they have previously been identified as part of a
general false memory suppression network in older adults. However, future research is necessary
to test this posited role of striatum and cerebellum in recollection rejection as well as how such
mechanisms are affected by age.
Taken together, while the present results are inconsistent with how recollection rejection
is typically conceptualized in memory theory (Brainerd & Reyna, 2002; Brainerd et al., 2003),
they are nonetheless consistent with a previous neuroimaging study investigating false memory
suppression in older adults, which lends credence to the unexpected finding that recollection
rejection does not rely on a true recollection mechanism, but rather a mechanism that is more
specific to processing of lures. Future research will be necessary to further refine the nature of
the neural mechanisms utilized by older adults when suppressing false recognition based on
recollection rejection.
Lack of familiarity success. In addition to evaluating neural regions that older adults
engage to support recollection rejection success, a goal of the present study was to identify
neural activity that supported lack of familiarity from false recognitions. This analysis revealed
activation in only two regions: ventromedial PFC and a portion of right occipital cortex. Thus,
relatively little activation distinguished between lack of familiarity responses to related lures
from false recognitions to those lures, particularly when compared to the robust novelty detection
network recruited by young adults. Specifically regarding ventromedial PFC, as previously
stated, activation within medial portions of the PFC (more typically anterior cingulate) is
common in studies of novelty detection (Bowman & Dennis, in press-b), so it is not surprising
that older adults engaged this region to support memory decisions based on lack of familiarity.
However, in the absence of other regions that often show a novelty detection response (e.g.,
lateral temporal cortices, MTL), it seems that older adults show relatively limited engagement of
this novelty detection network.
While somewhat surprising that older adults did not show strong differentiation between
a correct rejection response (albeit based on lack of familiarity) and an erroneous false memory
response, a previous study comparing neural activity supporting correct rejections to that of false
recognitions showed that older adults did not modulate neural activity in many regions that
young adults utilized to support correctly rejecting retrieval lures (Bowman & Dennis, in pressa). Further, ERP studies of novelty responses in older adults have identified a reduced novelty
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component in older adults compared to young over frontal cortices (Fabiani & Friedman, 1995).
As such, there may be a degree of neural dedifferention in older adults’ responses to related lures
at retrieval (Li & Lindenberger, 1999). That is, older adults’ difficulty rejecting related lures may
arise to some degree because they process retrieval items similarly regardless of the memory
response. While there seems to be some evidence for a dedifferentiation account with regard to
lack of familiarity, the robust networks identified to support recollection rejection and true
recollection argue against dedifferentiation as the only mechanism driving declines in memory
performance in older adults.
Common rejection success. A goal of the present study was to evaluate the extent to
which recollection rejection and lack of familiarity share a common neural basis supporting
successful rejection of lures across the two strategies. It was hypothesized that recollection
rejection and lack of familiarity represent distinct strategies for rejecting lures at retrieval and
would therefore show little overlap in their respective neural correlates within both young and
older adults. This prediction was in fact born out in the older adult data with only one region in
early visual cortex showing common activation across both types of correct rejections. Further, a
previous study investigating older adults’ neural responses when rejecting retrieval lures
identified activation in early visual cortex as critical to suppressing false memories (Bowman &
Dennis, in press-a), making this perceptual signal associated with correctly rejecting lures
consistent with the only previous study investigating the neural correlates of false memory
suppression in older adults.
While at first glance it seems that the prediction of distinct rejection strategies was
supported, however, as older adults did not show strong differentiation between correct
rejections and false recognitions in the individual contrasts, it is difficult to attribute the lack of
overlap to distinct processing for the two types of rejection strategies. For example, as described
in the above true recollection/recollection rejection section, older adults showed strong networks
for both true recollection and recollection rejection but these networks did not overlap. Such a
finding provides much stronger evidence for the lack of common cognitive and neural processes
than the present lack of overlap. Without the first step of identifying robust networks that
differentiate correct rejections from false recognitions for each rejection strategy, little can be
made of a conjunction analysis that also shows little overlap between two contrasts that
individually revealed only weak activation. Thus, it is difficult to parse the effects of neural
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dedifferentiation as discussed above (Li & Lindenberger, 1999) from those of distinctive
strategic processing for each type of lure as we would like to be able to conclude.
Differences in rejection strategies. Based on the notion that recollection rejection and
lack of familiarity represent distinct strategies for rejecting lures at retrieval, it was posited that
there would be robust differences in the neural correlates supporting these two strategies across
both age groups. Regions showing a recollection rejection success effect that also distinguished
between recollection rejection and lack of familiarity included left middle/inferior frontal gyri,
bilateral striatum, and right cerebellum (see Figure 6a). Ventromedial PFC was the only region
that showed the opposite effect (i.e., unique lack of familiarity success activation; see Figure 6b).
Together, these analyses provide relatively limited evidence for differences between the rejection
strategies. However, it should also be noted that the lack of activation identified is driven largely
by the limited activation differentiating correct rejections of both types from false recognitions
while a direct comparison between recollection rejection and lack of familiarity revealed much
more robust results.

Figure 6. Neural activity in older adults associated with a) recollection rejection success as
distinct from lack of familiarity (i.e., Recollection Rejection > Lack of Familiarity inclusively
masked with Recollection Rejection > Related False Recognition) and b) lack of familiarity
success as distinct from recollection rejection (i.e., Lack of Familiarity > Recollection Rejection
inclusively masked with Lack of Familiarity > Related False Recognition).
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Regarding neural activity that distinguished between the two correct rejection responses
in older adults, results demonstrated that regions showing recollection rejection-success and lack
of familiarity-success effects also tended to show strategy-specific effects. In particular,
recollection rejection success-related activation in left middle/inferior frontal gyri also
distinguished between recollection rejection and lack of familiarity, providing evidence that
retrieval monitoring processes typically associated with this region during false memory
suppression (Achim & Lepage, 2005; Gallo, Kensinger, et al., 2006; Gallo et al., 2010; Lepage et
al., 2003) specifically support recollection rejection responses in older adults. The present results
also provide support for the role of the ventromedial PFC in rejecting lures at retrieval,
particularly when lures do not elicit a feeling of familiarity (Bowman & Dennis, in press-b).
Importantly, results demonstrate that such medial PFC activity not only supports correct
rejections as compared to false recognitions, but specifically supports correct rejections based on
lack of familiarity, further supporting its role in novelty detection responses.
Summary: Older adults. Taken together, the data from older adults largely mirrors and
confirms findings from young adults in terms of the behavioral utility of recollection rejection as
a strategy for suppressing false memories as well as the lack of correspondence between the true
recollection and recollection rejection networks. Behaviorally, older adults showed higher
recollection rejection rates for lures that were similar to studied items compared to those
dissimilar to studied items, despite the higher false recognition rate associated with these related
lures. Regarding overlap between recollection rejection and true recollection, older adults did not
show significant common activation across these two contrasts, suggesting that recollection
rejection does not rely on a true recollection signal to facilitate false memory suppression.
Regarding neural differences associated with the two strategies, results were mixed largely due
to the relatively weak activation discriminating between correct rejection and false recognition
responses. As such, age-related increases in false recognitions may be due in part to a lack of
differentiation between successful and erroneous responses to lures.
The effects of aging on the cognitive and neural basis of recollection rejection
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The final major goal of the present study was to identify age differences in recollection
rejection processing. Given well-established age-related increases in false memories (e.g.,
Koutstaal et al., 2003; Koutstaal & Schacter, 1997; Norman & Schacter, 1997; Tun et al., 1998),
it was predicted that older adults would show both behavioral and neural deficits associated with
recollection rejection, reflecting their difficulty in using this strategy to suppress false memories.
In particular, it was predicted that older adults would show a recollection deficit that would
contribute not only to deficits in true memory processing but would also make it difficult to
suppress false memories based on recollection rejection. As such, comparisons between age
groups in terms of both behavioral and neural measures of recollection rejection serve as the
critical test of the hypothesis that age deficits in recollection processing represent a common
cause of age-related memory decline across both true and false memories.
Behavioral findings. While both young and older adults showed the same general
pattern of results (i.e., increased false recognition and increased recollection rejection for related
as compared to unrelated lures), results also revealed the predicted pattern of age differences.
That is, older adults showed reduced rates of recollection rejection compared to young adults
specifically for related lures (see Figure 2). So while both young and older adults utilized
recollection rejection to suppress false memories for related lures, older adults did so less often
than young adults. This finding is consistent with the hypothesis that older adults show a reduced
ability to retrieve details of studied items in order to facilitate the rejection of lures and thus
provides initial support for the common recollection deficits proposed in the Introduction. Also
consistent with data from studies of true memories (Bastin & Van der Linden, 2003; Hay &
Jacoby, 1999; Jennings & Jacoby, 1993), older adults in the present study showed no evidence of
a deficit in lack of familiarity responses, suggesting an intact familiarity signal that can support
both true memories for targets and rejection of lures. As such, intact lack of familiarity responses
coupled with age-related reductions in recollection rejection mean that older adults showed
overall reduced accuracy for related lures (i.e., age-related increases in false recognition) as was
predicted based on previous false memory studies.
Somewhat inconsistent with predictions, an age-related behavioral deficit in true
recollection was not observed. That is, older adults’ true recollection rates matched those of
young adults. Thus, while true recollection deficits are often associated with healthy aging
(Davidson & Glisky, 2002; Hay & Jacoby, 1999; Jennings & Jacoby, 1993; Rybash &
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Monaghan, 1999; Schmitter-Edgecombe, 1999), they were not apparent in the present study and
age-related memory deficits were instead limited to rejecting related lures. It is possible that in
the context of false memory paradigms in which there is a great deal of retrieval support from
semantic and categorical information, true recollection deficits are less apparent, particularly
when rich pictorial stimuli are used (Dennis et al., 2014; Gutchess et al., 2005; Koutstaal &
Schacter, 1997; Winograd, Smith, & Simon, 1982). However, such semantic support for true
memories comes at the cost of increased false memories, suggesting that older adults are not
truly using semantic or categorical information effectively to distinguish between similar items
in memory.
Even at the behavioral level, very few studies have evaluated the effects of aging on
recollection rejection with two studies demonstrating age-related deficits in recollection rejection
(Cohn et al., 2008; Gallo, Bell, et al., 2006) and one study finding intact recollection rejection
processing in older adults when items were encoded distinctively (i.e., as pictures; Gallo et al.,
2007). While the present study also employed distinctive pictorial stimuli, results are nonetheless
consistent with studies demonstrating recollection rejection deficits in older adults. While this
may appear to contradict findings from Gallo and colleagues (2007), this previous study did not
include related words or pictures during encoding or retrieval, making the stimuli used much
more distinctive than in the present study (i.e., akin to unrelated lures in the present study). In
contrast, Cohn and colleagues (2008) utilized an associative memory paradigm in which young
and older adults were presented with lures at retrieval that were composed of two items from the
encoding phase but rearranged into a new pairing (see Introduction for full description). The
authors operationalized recollection rejection as a correct rejection of such a rearranged lure and
found that older adults rejected such lures at a reduced rate compared to young adults, leading
them to conclude that deficits in recollection rejection contribute to older adults’ associative
memory deficits. Results from the present study are consistent with an age-related deficit in
recollection rejection, but show that such deficits contribute not only to deficits in associative
memory, but do so whenever lures at retrieval bear strong resemblance to information presented
at study. As such, behavioral results from the present study extend previous research by
demonstrating that recollection rejection is both a useful mechanisms for distinguishing between
similar items in memory (across both item and associative memory) and that age deficits in
recollection rejection occur outside of paradigms that consistently find age deficits in true

91

memories as well as increases in false memories (i.e., associative memory and source memory
paradigms; Hashtroudi, Johnson, & Chrosniak, 1989; Naveh-Benjamin, 2000; Schacter,
Kaszniak, Kihlstrom, & Valdiserri, 1991).
Age differences in the relationship between the neural correlates of true recollection and
recollection rejection.
True recollection. Before assessing age differences associated with the neural correlates
of true recollection, a conjunction analysis was performed to assess regions that were commonly
engaged across age groups to support true recollection. Such neural overlap was identified
throughout the core recollection network, including the medial PFC, posterior cingulate, right
fusiform/inferior temporal gyrus, and left hippocampus (see Figure 7a). As such, results from the
present study suggest that the recollection rejection paradigm used is capable of eliciting robust
true recollection activation across both young and older adults. While the extent and robustness
of this activation is somewhat surprising given typical age-related deficits associated with
recollection processing, it suggests that young and older adults relied on similar cognitive and
neural mechanisms when making their retrieval judgments.
Contrary to what we would expect based on previous aging studies of true memory
(Angel et al., 2013; Daselaar, Fleck, Dobbins, et al., 2006; Dennis et al., 2014; Duarte et al.,
2010b; Duarte et al., 2008), we found no evidence of age differences in the neural correlates of
true recollection. In comparing true recollection to true familiarity across age groups, no region
showed either age-related increases or age-related decreases in activation. It is difficult to
reconcile this finding with the aging literature at large (but see Wang et al., 2015), which has
typically shown age-related decrements in hippocampal activation supporting true memories
(Daselaar, Fleck, Dobbins, et al., 2006; McDonough et al., 2014; Yonelinas et al., 2007) coupled
with age-related increases in PFC activation (Anderson et al., 2000; Bäckman et al., 1997;
Cabeza et al., 2000; Dennis et al., 2014; Dulas & Duarte, 2014; Grady et al., 2002; Madden,
Turkington, et al., 1999). This pattern of age differences was not replicated in the present data,
which was quite surprising. There are several possibilities as to why such age differences did not
emerge. Firstly, it is possible that the lack of neural differences simply reflect the lack of
behavioral age differences associated with target items (Rugg & Morcom, 2005): older adults
showed no evidence of reduced true recollection compared to young adults. However, while
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behavioral differences may contribute to age differences in neural activity, even studies with
matched true memory performance between young and older adults often show neural
differences between age groups similar to those described above (Daselaar, Fleck, Dobbins, et
al., 2006; Dennis et al., 2014; Duarte et al., 2010b). Thus, a lack of behavioral differences does
not typically result in a lack of age differences in neural activity.
Similarly, it is also possible that the group of older adults tested in the present study
represent a very high functioning and thus high performing group of older adults. There is a great
deal of variability associated with cognitive aging with some older adults showing relatively
intact functioning and other showing much more marked age-related cognitive decline, even
within the bounds of ‘healthy aging’ (Christensen et al., 1999; Hultsch, MacDonald, & Dixon,
2002; Lindenberger & Baltes, 1997; Nelson & Dannefer, 1992) and such variability is often
linked to neural functioning during memory retrieval (Cabeza et al., 2002; Davis et al., 2008;
Dennis et al., 2014; Duarte et al., 2008). Thus, it is possible that a high performing group of older
adults could show relatively intact neural functioning when behavioral performance is matched
in terms of true recollection. Thus, a goal of future analyses will be to use the
neuropsychological measures collected in the older sample to determine the extent to which the
lack of age differences in the present study are due to the characteristics of the sample of older
adults.
Finally, it is also possible that the adapted Remember-Know-New response paradigm
itself facilitated true recollection in older adults at both the behavioral and neural level. Given
that the adaptation of the remember-know-new paradigm developed for the present study has not
been previously tested in older adults, it may be that asking individuals to discriminate between
recollection and familiarity responses for both old and new items reduced the typical age deficit
in true recollection. I offer two primary ways in which this may have occurred: By reducing
switch costs associated with judgments for new and old items and/or by increasing practice
effects by encouraging recall of targets in association with lures. Regarding the first hypothesis,
since discrimination between recollection and familiarity was required on every trial (i.e., for
both targets and lures), individuals may have entered a ‘recollection mode’ in which the goal on
every trial was to recall details of an item from study. In this way, the adapted paradigm may
differ from the classic remember-know-new paradigm in which individuals asked to discriminate
between recollection-based and familiarity-based responses for old items and thus only attempt
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to consciously retrieve studied details on a proportion of the trials. Research has suggested that
older adults show larger switch costs than young adults both behaviorally (for meta-analysis see
Wasylyshyn, Verhaeghen, & Sliwinski, 2011) and neurally (DiGirolamo et al., 2001). Thus, if
the present paradigm reduced such switch costs in older adults by making the task consistent
across trials, we might expect to see reduced differences in the neural basis of true recollection. It
would be possible to test this hypothesis in a future study by comparing behavioral responses
(both accuracy and reaction time) in the typical and adapted remember-know-new paradigms
with the expectation that older adults will show better performance in the adapted rememberknow-new paradigm. Alternatively, or perhaps additionally, it is possible that older adults
showed relatively intact true recollection because using recollection rejection for lures reinforced
memory for the target item. Previous research has suggested that recall of information serves as
an excellent means of further encoding that same information (Roediger & Karpicke, 2006;
Toppino & Cohen, 2009). Given that, in the retrieval test, half of the lures appeared before the
corresponding target item within their category, it may be the case that using recall-to-reject for
such lures (i.e., recalling the studied item) served to further encode the target and facilitate its
later recognition. Future analyses will assess behavioral and neural differences associated with
the presentation order of targets and lures during retrieval. If recollection rejection responses to
lures facilitate later true recollection, it would be expected that true recollection responses
following recollection rejection of lures would be associated with faster reaction times as well as
more robust activation within the typical recollection network. Further, if this effect contributes
to the lack of age differences in neural activity associated with true recollection, such age-related
neural differences should arise when only targets preceding their respective lures are considered
in the analysis.
Recollection rejection. Before assessing age differences associated with the neural
correlates of recollection rejection, a conjunction analysis was computed to identify common
activation across age groups supporting recollection rejection. This analysis revealed a great deal
of overlap in neural regions that young and older adults engaged to support recollection rejection
as compared to lack of familiarity, including large portions of bilateral prefrontal cortex (e.g.,
inferior and middle frontal gyrus), bilateral striatum, and bilateral parietal cortices (e.g., inferior
and superior parietal cortex and angular gyrus; see Figure 7b). As described previously, this
fronto-parietal network is consistent with findings from previous neuroimaging studies of
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recollection rejection that conceptualize recollection rejection as a retrieval monitoring process
but have not assessed the effects of aging on the neural basis of this process (Achim & Lepage,
2005; Gallo, Kensinger, et al., 2006; Gallo et al., 2010; Lepage et al., 2003). However, as noted
above, results from present study are not consistent with theoretical accounts (Brainerd & Reyna,
2002; Brainerd et al., 2003) and behavioral research (Dobbins et al., 1998; Jones, 2005;
Lampinen et al., 2004; Lampinen et al., 2006; Odegard & Lampinen, 2005; Odegard et al., 2005;
Rotello & Heit, 2000; Rotello et al., 2000) that conceptualize recollection rejection as based on a
true recollection mechanism as this neural network was not consistent with a typical true
recollection network. Instead, the present results suggest that both young and older adults engage
a fronto-parietal retrieval-monitoring network to support rejection of lures based on recollection
rejection as compared to lack of familiarity. Further, given the high degree of common neural
activation between young and older adults, age-related behavioral differences associated with
recollection rejection are likely driven by differences in the magnitude of neural activity as
opposed to engaging differential neural networks and therefore cognitive processes when using
recollection rejection.
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Figure 7. Neural activity showing common activation across age groups for a) true recollection
and b) recollection rejection.
A critical goal of the present study was to evaluate the extent to which older adults show
neural deficits associated with recollection rejection processing, particularly in neural regions
that also support true recollection. While behavioral results showed an age deficit that was
specific to rejecting related lures using recollection rejection, age differences in neural activity
took the form of age-related increases in activation in dorsomedial PFC, left precentral gyrus,
and the precuneus. That is, older adults showed stronger recollection rejection-related activation
in these regions as compared to young adults, and no region showed greater activation in young
compared to older adults. Importantly, these were not regions that showed a true recollection
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effect in either age group, which is not surprising given the lack of recollection rejection-related
activation in the core recollection network identified in either group. Instead, results revealed a
pattern of age-related over-recruitment across several regions that both young and older adults
individually tended to recruit to support recollection rejection.
Age-related increases in activation are typical in studies examining retrieval success in
older adults, particularly within frontal cortices (Bäckman et al., 1997; Cabeza et al., 2002; Davis
et al., 2008; Dennis et al., 2014). The present results extend this pattern of age-related increases
to rejecting lures at retrieval, and particularly when individuals detect specific differences
between a lure and a studied item (i.e., recollection rejection). Further, there has been critical
debate about whether such age-related increases in activation are indicative of compensatory
processing (e.g., Cabeza et al., 2002) or dysfunctional processing (e.g., McDonough, Wong, &
Gallo, 2013). A key element of the compensation hypothesis is that compensatory activation
should support successful behavior, but a stronger test of the compensation hypothesis is to show
that such activation tracks with individual differences in successful memory responses (Davis et
al., 2008; Dennis et al., 2014). While age-related increases here were associated with a success
memory response (i.e., recollection rejection), a follow-up analysis assessing the effects of
individual differences in recollection rejection rates within regions showing age-related increases
in activation revealed no such effects. That is, no region showing greater activation in older
compared to young adults in the recollection rejection contrast also showed a positive
relationship with behavioral recollection rejection rates in older adults. Thus, there is little
evidence that activation within these regions support recollection rejection success on an
individual basis.
Instead, particularly given the presence of behavioral deficits in recollection rejection, it
is likely that utilizing this strategy was more difficult for older adults than for young adults and
thus required greater engagement of effortful processing (Rugg & Morcom, 2005). While the
degree of age-related over-recruitment was small compared to that showing common activity
across age groups, it nonetheless provides evidence that older adults utilize more neural activity
to generate a recollection rejection response compared to young adults and, as a result, are able
to do so less frequently and successfully. Particularly regarding the precuneus, previous studies
have identified it as a region showing age-related increases in activation across the lifespan
(Kennedy et al., 2015) as well as associated with true recollection responses at retrieval (Angel et
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al., 2013). Further, while age-related increases in activation have typically been associated with
prefrontal cortex, there is some evidence that parietal regions may also show this pattern (Huang,
Polk, Goh, & Park, 2012). Thus, taken with age-related increases in frontal regions (i.e.,
precentral gyrus and dorsomedial PFC), the present results are consistent with previous patterns
of age-related increases in neural activity. Overall, however, neural activity associated with
recollection rejection was dominated by common neural activity across age groups, suggesting
that potential dysfunctional neural processes associated with age-related increases are relatively
small.
Age differences in the relationship between recollection rejection and true recollection.
In addition to identifying age differences within the true recollection and recollection rejection
networks, an aim of the present study was to evaluate age differences in the relationship between
the true recollection and recollection rejection networks. To do so, a 2 (Age: young, old) x 2
(Type of recollection: true recollection, recollection rejection) mixed-factor ANOVA was
computed. This analysis revealed no age differences in the patterns of modulation across these
trial types (i.e., no significant interaction effect), suggesting, as previously stated, that young and
older adults recruited largely similar networks across true recollection and recollection rejection
with differences limited to the magnitude of recruitment associated with recollection rejection. It
is somewhat surprising that above described age differences in recollection rejection (i.e., agerelated increases in activation) but not true recollection did not emerge as an interaction effect.
However, given the relatively small sample size in the present study (18 young adults, 21 older
adults) the lack of an interaction effect may be due to low power. A goal of future research will
be to adapt the present design so that fewer subjects are excluded based on behavioral data that
precluded imaging analyses, which, for the present set of analyses, was due largely to
participants having too few familiarity and false recognition responses. A future analysis of the
present data could also use a baseline other than true familiarity as a number of both young and
older adults were excluded due to low trial types in this regressor, which would allow for the
inclusion of more participants in both the young and older adult group and thus increase power.
While such an analysis would not take advantage of one of the major strengths of the response
paradigm developed for the present study, it could potentially help untangle possible true null
effects from those associated with lack of power. Nonetheless, the lack of an interaction effect
does provide further evidence that, by-and-large, young and older adults utilized similar
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cognitive and neural resource to support recollection rejection and that those resources were
largely non-overlapping with those supporting true recollection.
Age differences in the neural correlates of strategies for rejecting retrieval lures. In addition
to evaluating the relationship between recollection rejection and true recollection across age
groups, an aim of the present study was to compare strategies for rejecting lures at retrieval in
young and older adults. The purpose of such comparisons was to evaluate the extent to which
recollection rejection and lack of familiarity represent distinct means of rejecting lures by
identifying differences in brain activation supporting each response. A further goal was to
evaluate how young and older adults might differentially utilize recollection rejection and lack of
familiarity to support rejecting lures at retrieval.
Recollection rejection success. Age comparisons of recollection rejection success (i.e.,
recollection rejection > related false recognition) revealed no significant age differences. That is,
no region of the brain showed greater activation in young adults compared to older adults or vice
versa. Instead, common activation across age groups was found in regions that included left
orbitofrontal cortex, left inferior frontal gyrus, left superior parietal cortex, early visual cortex,
and the cerebellum. Taken together, these results suggest that young and older adults do not
utilize differential processes to support recollection rejection, a finding consistent with the
above-described comparisons between recollection rejection and true recollection.
Regarding regions showing common activation across age groups for recollection
rejection success, processing in visual cortices in particular has previously been shown to support
successful rejection of retrieval lures as compared to false recognitions in both young (Bowman
& Dennis, in press-b) and older adults (Bowman & Dennis, in press-a). More specifically, such
previous research found that both young and older adults engaged visual processing to support
rejection of lures as compared to false recognitions but that older adults showed reduced
engagement of early visual cortex compared to young adults when rejecting related as compared
to unrelated lures (Bowman & Dennis, in press-a). Such age differences were interpreted as a
reduced item-specific processing signal in older compared to young adults: older adults have
greater difficulty processing specific perceptual details of lures that distinguish them from
studied items. However, in the present study, we do not see evidence of this deficit in perceptual
processing associated with recollection rejection. Instead, older adults show common activation
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in early visual cortex, which, during retrieval, is posited to reinstate perceptual details from an
encoding episode that facilitate successful memory (Dennis et al., 2012; J. D. Johnson et al.,
2009; J. D. Johnson & Rugg, 2007; Vaidya et al., 2002). Thus, both young and older adults show
evidence of increased perceptual processing associated with successfully retrieving details of a
studied item to facilitate the rejection of retrieval lures.
Regarding common activation in prefrontal and parietal cortices, such results are
consistent with the neural network identified in previous recollection rejection studies in young
adults (Achim & Lepage, 2005; Gallo, Kensinger, et al., 2006; Gallo et al., 2010; Lepage et al.,
2003), which has been interpreted as a supporting retrieval monitoring processes critical to
recollection rejection. As such, the present study extends these previous results in two ways.
First, previous recollection rejection studies have typically compared recollection rejection to
true recollection, making this the first study to show that these retrieval monitoring processes are
also engaged to a greater degree for successful recollection rejection responses as compared to a
false recognition response to the same stimulus type. This comparison provides stronger
evidence of a true false memory suppression effect. Secondly, the present results provide
evidence that this retrieval monitoring signal represents a common basis by which both young
and older adults make their recollection rejection decisions.
Lack of familiarity success. To identify brain regions associated with successful rejection
of lures using lack of familiarity across age groups, contrasts between lack of familiarity and
false recognitions were computed for each age group and then compared. With regard to
common activity, results revealed activation within the ventromedial PFC, right inferior parietal
cortex/superior temporal gyrus, and early visual cortex. Thus, young and older adults engaged a
relatively similar network to support correct rejections based on lack of familiarity as compared
to false recognitions although such activity was relatively limited in extent. Nonetheless, the
common regions identified were consistent with the previously described novelty network,
particularly ventromedial PFC and right superior temporal gyrus (Berns et al., 1997; Dobbins &
Wagner, 2005; Kiehl et al., 2001; Tulving et al., 1996; Tulving et al., 1994; Wright et al., 2003).
Taken together, results indicated that, as with recollection rejection, young and older adults byand-large utilized similar cognitive and neural processes to support this strategy for rejecting
lures at retrieval.
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Regarding age differences in lack of familiarity success, no neural region showed agerelated increases in activation associated with lack of familiarity as compared to false
recognitions. That older adults did not show greater activation than young adults is unsurprising
given that older adults showed very limited activation that differentiated between lack of
familiarity and false recognitions before comparing to young adults. The lack of age-related
increases in lack of familiarity activation was accompanied by age-related reductions in
activation in left temporoparietal junction. This age-related reduction was somewhat surprising
given that older adults did not show behavioral deficits associated with lack of familiarity
responses, instead showing similar accuracy of ‘unfamiliar’ responses as young adults across
stimuli. Such reduced activation in older adults may instead be a function of using false
recognitions as a baseline given that older adults show age-related increases in false recognition.
Thus, while older adults show a similar rate of lack of familiarity responses, the neural
mechanisms distinguishing between this correct rejection response and false recognitions seem
to be diminished. As such, lack of familiarity for related lures in older adults may represent
merely a weak memory that therefore shows little evidence of differentiation from other memory
responses. However, this interpretation is qualified by the fact that only one cluster of activation
in left temporoparietal junction showed greater activation in young compared to older adults
while several other regions showed common activation. As such, it seems that critical regions
that young adults recruited to support lack of familiarity success but older adults did not (e.g., the
hippocampus), showed activation that was neither common to groups nor significantly different
between groups. These intermediate findings suggest a need for increased power to better
elucidate age differences associated with correct rejections based on lack of familiarity.
Differences in retrieval strategies. Lastly, critical to understanding the extent to which
recollection rejection and lack of familiarity represent distinct processes for young and older
adults, the two types of correct rejections were compared as part of an Age (young, old) x
Correct rejection type (recollection rejection, lack of familiarity) ANOVA. Specifically
examining the interaction effect, no brain region showed a difference in the relationship between
recollection rejection and lack of familiarity that varied by age. That is, despite results
demonstrating some regions showing age differences in direct age comparisons, the overall
pattern of recollection rejection and lack of familiarity activation did not differ significantly
between groups. Taken together with behavioral deficits associated with recollection rejection in
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older adults, results suggest that recollection rejection is a more demanding process for older
adults (leading to lower behavioral accuracy, longer reaction times, and some increased neural
activity compared to young adults) but not a distinct cognitive and neural process. That is, older
adults engaged a similar neural network to support both recollection rejection and lack of
familiarity with some evidence of increased activation associated with recollection rejection. As
such, results from the present study reveal that young and older adults are able to engage both
recollection rejection and lack of familiarity responses to reject related lures, but that older adults
may have greater difficulty engaging the recollection rejection process, contributing to agerelated increases in false memories as feelings of familiarity go unopposed by retrieval of
specific details of studied items.
Summary: Age comparisons. Comparing recollection responses in young and older adults
revealed several major findings. Firstly, behavioral results revealed age deficits that were
specific to recollection rejection for related lures: older adults showed reduced recollection
rejection of related lures, increased false recognition, and intact lack of familiarity responses
compared to young adults. While the expected behavioral deficit was found, neuroimaging
results generally took the form of common activity across age groups for each memory response
of interest (i.e., true recollection, recollection rejection, and lack of familiarity), suggesting that
young and older adults tended to recruit similar cognitive and neural processes to support their
memory decisions. However, there was some evidence of age-related increases in activation
associated with recollection rejection, perhaps indicating that recollection rejection is a more
demanding process for older adults that requires greater engagement of a subset of regions within
the recollection rejection network compared to young adults. Similar findings were obtained
when recollection rejection and lack of familiarity were compared to false recognitions: young
and older adults generally recruited similar regions to support each strategy with no evidence of
differences in the neural basis of the two strategies across age groups.
Future directions

A number of future goals for analyses of the present data as well as potential future lines
of research have been outlined throughout the Discussion. Specifically, given the unexpected
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finding that, across both young and older adults, there was little overlap in neural activity
supporting true recollection and recollection rejection, I would like to further investigate and
manipulate the recollection rejection network to better understand the mechanisms supporting
this strategy. As mentioned previously, one possible explanation for the lack of retrieval-related
signal associated with recollection rejection, specifically within the MTL, is that such signals
may occur at a level that is not easily measured in whole-brain analyses (i.e., pattern separation
effects in the dentate gyrus; Yassa & Stark, 2011). As such, using high-resolution imaging of the
hippocampal formation could provide a means of better assessing the more nuanced MTL signals
subserving recollection rejection. In a similar vein of trying to identify the specific retrieval
signal that individuals use to support recollection rejection, I would like to use stimuli that take
advantage visual processing regions that support perception of classes of stimuli (e.g., face,
scene, object processing; for review see Kanwisher & Dilks, 2014) to assess the extent to which
sensory reactivation associated with recollection rejection evokes activity in the ventral visual
stream that is consistent with the stimulus class of the studied item. Such findings would provide
evidence that individuals do in fact reactivate the studied item in order to support rejection of
lures for recollection rejection. Establishing the extent to which such retrieval signals exist in
young adults would also serve as a foundation for evaluating the effects of aging on the quality
of retrieval signals associated with recollection rejection in a more specific manner possible with
the current data set.
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Appendix A
Task Instructions
General Procedure:
1.
2.
3.
4.
5.
6.
7.

Consent and demographics
Encoding practice
Incidental Encoding
Matrix Reasoning
Retrieval practice
Retrieval
Debriefing Questions

Encoding Instructions
Thank you for participating in today’s study. In the first part of the study, you will see
images presented on the screen. For each image, you will decide if the item presented would fit
inside a shoebox. If the item is a similar size or smaller than a typical shoebox, press the button
with your index finger to indicate that the item is smaller than a shoebox. If the item is bigger
than a typical shoebox, press the button with your middle finger to indicate that it is bigger than
a shoebox. Each image will be presented for 1 second. You will have an additional half second
after the picture goes off the screen to make your response.
Please make these judgments as quickly and accurately as you can. Do your best to
answer for each item, but if you miss one, simply move your attention to the next item.
Now I have several practice trials for you so you can see what the task will be like and
ask me questions if you have any before starting the actual task.
Participant completes practice trials.
There will be two blocks of this task, each lasting approximately 3 minutes. I will check in
with you between blocks.
Participant completes two runs of encoding.
Matrix Reasoning Instructions
This next task is a measure of your logical reasoning skills using visuospatial stimuli. For
each trial, a series of 3 images will be presented. Your job will be to decide which image would
most logically continue the pattern established with the first 3 items. You will have 4 items to
choose from and will indicate your response with all four keys.
In making your decision, please be as accurate as possible. There is not a time limit for
each item, so please take your time and think about each item carefully. They will also get
progressively more difficult as you continue. I may come in and stop you at some point, but don’t
worry about that, just take your time.
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Participant completes Matrix Reasoning during structural scans.
Retrieval Instructions
Now you will perform a memory test for the images that you saw in the first part of the
study. During this phase, images will be presented one at a time on the screen. Some of these
images will be from the first phase while some images will be new. Your task is to decide which
of the images are from the first phase (old images) and which have not been presented before
(new images). Importantly, there will be some new items presented that are very similar to old
items. However, you should only endorse an item as old if it is exactly the same image you saw in
the first phase.
As each image is presented, you will make one of 4 responses:
REMEMBER (REM) – If you think that the item is old and you have a vivid memory for
its presentation during the first phase, including remembering specific details about your
previous encounter with the item, press the button with your index finger.
FAMILIAR (FAM) - If you think that the item is old but it only seems familiar – you
cannot remember vivid details from the encoding phase, press the button with your middle
finger.
DIFFERENT (DIFF) – If you think that the item is new and you can remember details of
old items that are inconsistent with the current item, press the button with your ring finger. For
example, you might remember that the item presented in the first phase was a different color or
shape than the item currently presented. You also may remember associations you made with the
old item that are not relevant to the current item.
UNFAMILIAR (UNFAM) – If you think that the item is new because it seems unfamiliar
to you, completely new and unlike what you’ve seen before, press the button with your pinky.
Just to make sure that everything is clear, can you please tell me how you are going to
make your memory decisions for each of the 4 responses?
You will have 3 seconds to make your decision before the computer will automatically
advance to the next screen. Do your best to answer for each item, but if you miss one, simply
move your attention to the next item.
Now we have a couple of practice trials so you can get used to the task. First there will
be three self-paced trials. During these trials, although it may feel a little odd, I would like you
to look at the item and think out loud through your thought process for deciding why the item is
old or new and which response option you would choose. However, please wait to press the key
until I give you the go-ahead.
Participant completes self-paced practice trials with experimenter ensuring correct
reasoning assigned to each key.
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Great, now here are three practice trials at the pace of the actual task. You don’t need to
say your thought process aloud, just go ahead and make your decisions.
Participant completes practice trials at normal pace of the task.
There will be 4 blocks of this task, each of which will be approximately 5 minutes. Come
and get me when you are done. Any questions?
Participant completes retrieval task.
Debriefing Questions
We have one last form for you to fill out before you leave. This form asks you about your
effort and strategies during the task. It’s really important to answer as honestly as possible. Your
responses will not affect your credit for the experiment and is just for us to have a better idea of
how you were performing in the experiment.
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Appendix B
Mean similarity ratings for targets and lures
Mean Relatedness
Young Adults (N = 15)
Target &
Target & Thematic
Category
Item Lure Lure
Alcohol
4.33
3.69
Art Supplies
4.83
4
Baby
4.91
3.69
Bags
4.43
3.55
Balls
5
3.5
Bedding
4.71
3.2
Birds
4.53
3.57
Boats
4.75
3.79
Body parts
4.91
3
Bowling
4.85
3.79
Brass instruments
4.77
3.86
Bread
4.86
3.71
Breakfast
5
3.33
Cameras
4.8
4.31
Camping
4.67
3.46
Candy
4.79
3.57
Cars
4.36
3.6
Cats
4.8
4.21
Cereals
4.79
3.67
Cheeses
4.46
4
Chips
4.25
3.46
Christmas
4.53
3.36
Church
4.87
3.64
Classroom
4.93
4
Cleaning
5
3.53
Clocks
4.93
3.33
Clothing
4.62
3.38
Computers
4.86
4.27
Condiments
4.67
3.36
Cookies
4.85
3.86
7

Older Adults7 (N = 5)
Target &
Target & Thematic
Item Lure Lure
4.8
3.8
5
3
5
4
4.4
3.4
4.8
3.4
5
3.4
5
3.2
4.8
3.25
5
3.5
4.75
2.8
4.6
3.2
4.8
4
5
3.4
4.8
4.4
4.2
4
4.2
3.2
4.6
3.6
5
4
4.8
3.6
4.6
3.6
4.2
4
4.4
3.2
5
3.4
5
3.4
5
3.6
4.5
3.6
4.6
3.6
4.4
4.8
4.6
3.4
4.6
3.6

Older adult norming data was collected on a slightly non-overlapping stimulus set. After behavioral piloting of the
memory task, several item lures were switched for slightly less similar images in order to reduce false recognitions.
The stimulus set was then re-normed in young, but not older adults.
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Cooking tools
Crackers
Cycles
Dishes
Doctor
Dogs
Doors
Farm
Fishing
Flags
Flowers
Fruit
Games
Geometry
Ghouls
Golf
Gym
Hair clips
Hair tools
Hanukkah
Hats
Herbs
Ice cream
Insects
Jewelry
Juice
Jungle cats
Kitchen appliances
Leaves
Makeup
Manicure
Meats
Melons
Money
Nuts
Office
Party
Pasta
Percussion
Phone

4.87
4.85
4.85
4.33
4.93
4.85
4.23
4.82
4.15
4.69
4.46
4.64
5
4.85
4.93
4.93
4.6
4.42
4.42
4.71
4.79
4.4
4.47
4.73
4.57
4.69
4.92
4.92
4.69
4.85
4.92
4.62
4.93
5
4.79
4.93
4.93
4.69
4.86
4.4

2.8
4
3.62
3.8
3.87
3.86
4
3.14
3.31
3.15
3.57
3.53
3.54
3.43
3.62
3.86
3.87
3.69
3.69
3.6
3.42
3.87
4.08
3.79
3.33
3.85
3.31
3
4.13
4.08
3.69
3.36
3.46
3.93
3.29
3.57
3.54
3.79
3.43
3.64

4.6
5
4.8
4.2
4.75
5
4.6
4.8
4.4
4.8
5
5
5
4.8
5
5
4.67
4.4
3
5
5
4
4.4
4.4
3.8
4.6
5
5
4.4
5
4.8
4.5
4.8
4.8
4.4
4.8
4.8
5
4.4
4.4

3
4
2.75
3.4
3
3.8
3.8
3.2
3.2
3.6
4
3.4
3
3.8
3.8
2.8
4
3.75
3
3.2
3.4
3
4.2
3.6
3.4
4
3.6
3.6
3.6
4.2
3.6
3.2
3.4
3.25
3.6
3
2.8
4.2
3.8
3

123

Pie
Playground
Poker
Pretzels
Primates
Raquets
Sandwiches
Sewing
Shells
Shoes
Signs
Skates
Ski
Smoking
Soap
Star Wars
String instruments
Swim wear
Toys
Transport
Travel
Underwear
Vegetables
Woodwind instruments
Writing
Yogurt

4.75
4.86
5
4.93
4.57
4.79
5
4.93
4.64
4.27
4.93
4.64
4.92
4.67
4.67
4.86
4.64
4.36
4.93
4.67
4.75
4.75
4.69
4.69
4.83
4.62

3.73
3.54
3.62
3.92
3.6
4.07
3.27
3.86
3.72
3.27
2.73
3.6
3.69
3.85
4
3.54
3.85
3.64
3
3.36
3.5
3.23
3.84
3.67
3.71
4.08

5
4
5
4.8
4.5
4.6
3.8
4.8
4.8
4
4.8
4.4
5
3.8
4.8
4.6
5
4.6
4.4
4.8
4.2
4.2
5
5
4.8
4.8

4
2.8
3
4.4
3.2
4.4
3.5
3.5
3
3.4
3.2
3.2
2.8
3.8
4
3.2
3.4
3.4
2.75
3
3.4
3.6
3.4
3.8
3.75
4.2

Caitlin R. Bowman, PhD
-------------------------------------------------------------------------------------------------------------------------------

Education
2010-

2006-2009

The Pennsylvania State University (M.S. 2013, PhD 2015)
Graduate Student in Cognitive Psychology, Dr. Nancy Dennis advisee
Master’s Thesis Title: “Knowing what is new: the effects of item-relatedness on
the neural correlates of novelty detection in young adults”
Dissertation Title: “Recall-to-reject: Aging effects on the neural correlates of
recollection rejection”
Committee members: Dr. Reginald Adams, Jr., Dr. K. Suzanne Scherf, Dr. Martin
Sliwinski
New York University, B.A., Psychology, (with honors)

Honors and Awards
2015
Penn State Psychology Department Outstanding Graduate Teaching Award
2014
APA Dissertation Award
2014
Research and Graduate Studies Office (RGSO) Dissertation Award, Penn State
2013
College of the Liberal Arts Superior Teaching and Research Award, Penn State
2011
Kraft Wilson Graduate Fellowship in Social Sciences, Penn State University
2009
Magna cum laude, New York University
2006-2009
Deans List, New York University
2006-2009
Baird Scholar, New York University
Publications
Peer review manuscripts
Geiger, A.N.*, Bowman, C.R.*, Clothier, T. & Adams, R.B., Jr. (under review). Witnessing
harm to the environment stimulates neural activation in empathic networks.
Bowman, C.R. & Dennis, N.A. (in press) The neural correlates of correctly rejecting lures
during memory retrieval: The role of item-relatedness. Experimental Brain Research.
Bowman, C.R. & Dennis, N.A. (in press). Age differences in the neural correlates of
novelty processing: The effects of item-relatedness. Brain Research.
Dennis, N.A., Bowman, C.R., & Peterson, K.M. (2014) Neural correlates mediating
false recollection in older adults. Neurobiology of Aging, 35(2), 395-407.
Dennis, N.A., Bowman, C.R. & Vandekar, S.N. (2012) True and phantom recollection: an
fMRI investigation of similar and distinct neural correlates and connectivity.
Neuroimage, 59, 2982-2993.
*These authors contributed equally to this work.
Chapters
Dennis, N.A., Bowman, C.R.¸ & Turney, I.C. (2015). Functional neuroimaging of false
memory. The Cognitive Neuroscience of Human Memory. Addis, D.R., Barense, M. &
Duarte, A. (eds), Wiley-Blackwell.
Liben, L.S. & Bowman, C.R. (2013). The development of memory from a constructivist
perspective. Handbook on the Development of Children’s Memory. Bauer, P. & Fivush,
R. (eds), Wiley-Blackwell.

