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Details in Young and Older Adults: Behavioral and Neuroimaging Evidence 
 
 

Abstract 

Research suggests that certain errors in episodic memory can be viewed as byproducts of 

adaptive constructive processes that play a functional role in memory but produce errors or 

distortions as an unintended consequence. An important, adaptive feature of episodic memory is 

the capacity to flexibly retrieve and recombine information from past experiences into novel 

representations. For example, recent evidence suggests that flexible recombination plays a key role 

in our capacity to make inferences based on distinct past events that share a common feature. The 

current dissertation aims to examine whether the domain of adaptive memory distortions, where a 

memory error (source memory errors for contextual details/reward) results from carrying out a 

cognitive operation that has demonstrably beneficial consequences on another aspect of 

performance, extends to associative inference by investigating a) the cognitive byproducts of 

flexible retrieval mechanisms that support successful associative inference (Paper 1), b) how 

flexible retrieval mechanisms and the consequences of such mechanisms may change as a result 

of normal aging (Paper 2), and c) how such mechanisms affect the neural representations of 

overlapping, yet distinct events in support of successful inference (Paper 3). Paper 1 examines the 

impact of flexible retrieval on false memories by extending our associative inference paradigm to 

the domain of value-based decision-making by targeting false memories for value information. We 

demonstrate that after successful inference, participants were more likely to misattribute specific 

value information across event boundaries to a previously unrewarded item compared to after 

unsuccessful inference. Paper 2 investigates how age-related changes in flexible retrieval 
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mechanisms affect participants’ susceptibility to false memories resulting from successful 

inference. In contrast to younger adults, results reveal that older adults were not more likely to 

misattribute contextual details across event boundaries after successful relative to unsuccessful 

inference. Paper 3 aims to determine how flexible retrieval mechanisms affect the neural 

reinstatement of overlapping, yet incorrect contextual details and false memories during 

subsequent retrieval attempts. After successful inference, neural patterns in the anterior 

hippocampus, posterior medial prefrontal cortex (i.e., regions associated with the flexible retrieval 

of past events), and content-reinstatement regions, were more similar to the overlapping, yet 

incorrect context compared to pattern similarity after unsuccessful inference. Further, the degree 

of univariate activity in the hippocampus during the directly learned/associative inference test 

correlated with the reinstatement of the overlapping, yet incorrect context in our content-

reinstatement region, which correlated with the strength of participants’ behavioral false memory 

effects. The results of these papers suggest that flexible retrieval mechanisms that support 

successful inference also play a role in the misattribution of contextual details across event 

boundaries in younger adults but not older adults, and that for younger adults these misattributed 

details are reinstated during subsequent retrieval attempts, resulting in false memories.  
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Introduction 

 
Episodic memory allows individuals to recollect particular past experiences (Tulving, 2002). 

Importantly, a large body of work has shown that memories are not literal representations of past 

events but rather depend on constructive processes that may be prone to error or distortion (cf., 

Bartlett, 1932; Brainerd & Reyna, 2005; Loftus, Miller, & Burns, 1978; McClelland, 1995; 

Roediger, 1996; Schacter, 1996). Such memory errors can arise as a consequence of multiple 

processes, including: knowledge- or schema-based inferences made about the meaning of observed 

actions or events (Bransford, Barclay, & Franks, 1972; Bransford & Franks, 1971), which are later 

integrated into memories of presented materials, such as sentences and stories (e.g., see also Alba 

& Hasher, 1983 for a discussion as to whether integration is a direct and necessary product of 

schema-based processing); activation of semantically related words that may produce subsequent 

false recognition of a non-presented word that is strongly associated to the presented list items 

(e.g., Gallo, 2006; Roediger & McDermott, 1995); and a variety of processes that operate during 

the retrieval of past experiences, for example misleading suggestions or instructions to imagine 

what might have happened earlier (Loftus, 2003, 2005; Shaw & Porter, 2015).  

While such memory errors could be viewed as flaws or defects in episodic memory, a number 

of researchers have built on Bartlett’s (1932) seminal insights and suggest instead that such errors 

can be viewed as byproducts of adaptive constructive processes (Schacter, 2012) that play a 

functional role in memory but produce errors or distortions as a direct consequence of doing so 

(cf., Howe, 2011; Howe, Wilkinson, Garner, & Ball, 2016; Newman & Lindsay, 2009; Schacter, 

2001b; Schacter, Guerin, & Jacques, 2011). Researchers have argued that such well-established 

memory errors such as the misinformation effect and associative false recognition may reflect the 
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operation of adaptive memory updating processes and the retention of themes and meanings at the 

expense of event-specific details, respectively (for review, see Schacter et al., 2011).  

More recently, it has become increasingly clear that episodic memory supports a variety of 

cognitive functions, including imagining future experiences (e.g., Schacter et al., 2012; Szpunar, 

2010), inferential processing (e.g., Zeithamova, Dominick & Preston, 2012; Zeithamova & 

Preston, 2010), means-end problem solving (e.g., Jing, Madore & Schacter, 2016; Madore & 

Schacter, 2014; Sheldon, McAndrews, & Moscovitch, 2011), and divergent creative thinking (e.g., 

Madore, Addis, & Schacter, 2015). An important feature of episodic memory that supports these 

and other adaptive functions, is the capacity to flexibly retrieve and recombine information from 

distinct past experiences into novel representations. For example, according to the constructive 

episodic simulation hypothesis (Schacter & Addis, 2007a, 2007b, in press) the capacity to flexibly 

recombine elements of past experiences is crucial for our ability to imagine or simulate new 

situations that might occur in the future. Similarly, recent evidence suggests that episodic memory 

processes, specifically flexible recombination, plays a key role in our capacity to make inferences 

based on distinct past events that share a common feature (Zeithamova, Dominick & Preston, 

2012; Zeithamova & Preston, 2010).  

Evidence for the constructive episodic simulation hypothesis comes from a large body of past 

work highlighting the cognitive and neural similarities between episodic memory and episodic 

future simulation. For example, populations characterized by episodic memory deficits typically 

show reduced episodic detail for both remembered past and imagined future events. Such overlap 

between deficits in recalling the past and imagining the future have been reported as a result of 

cognitive aging (e.g., Addis, Musicaro, Pan & Schacter, 2010; Addis, Wong & Schacter, 2008) 

and in clinical populations, such as individuals with amnesia (Race, Keane & Verfaellie, 2011; but 
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see also Dede, Frascino, Wixted & Squire, 2016), Alzheimer’s disease (Addis, Sacchetti, Ally 

Budson & Schacter, 2009), depression (Williams et al., 1996) and schizophrenia (D’Argembeau, 

Raffard & Van der Linden, 2008). Further, a growing body of work utilizing functional magnetic 

resonance imaging (fMRI) methods has shown that remembering past experiences and imagining 

future events recruit overlapping regions of the core network, a network of regions thought to be 

involved in the flexible retrieval of information from specific episodic memories and the 

reconstruction of such event elements into coherent event representations (Schacter, et al., 2012). 

Some regions involved in both remembering the past and imagining the future include medial 

prefrontal regions, medial temporal regions (including the hippocampus and parahippocampal 

cortex), lateral temporal and parietal regions, and the retrosplenial cortex (for review see, Benoit 

& Schacter, 2015; Schacter, et al., 2012, Szpunar, 2010). Taken together, such behavioral and 

neural parallels across remembering past and imagining future events support the constructive 

episodic simulation hypothesis because such results suggest that the same episodic memory 

processes that support remembering past experiences are important for imagining future events. 

In line with the theoretical perspectives noted earlier that emphasize the close link between 

adaptive aspects of episodic memory and susceptibility to memory errors, the constructive episodic 

simulation hypothesis also holds that the functional benefits of flexible retrieval and recombination 

mechanisms are accompanied by a cost: vulnerability to memory errors such as source 

misattribution and false recognition that can result from mistakenly combining elements of distinct 

past experiences (Schacter & Addis, 2007a, 2007b, in press; for related views, see Dudai & 

Carruthers, 2005; Suddendorf & Corballis, 2007). That is, while such constructive processes 

support a range of adaptive mnemonic functions, they may also leave memory prone to error or 
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distortion (cf., Bartlett, 1932; Brainerd & Reyna, 2005; Loftus, Miller, & Burns, 1978; Howe, 

2011; McClelland, 1995; Roediger, 1996; Schacter, 2001; Schacter, Guerin, & St. Jacques, 2011).  

There is indeed evidence that memory errors can result from mistakenly combining features of 

distinct episodic or autobiographical memories (e.g., Burt, Kemp, & Conway, 2004; Devitt, Monk-

Fromont, Schacter, & Addis, 2015; Odegard & Lampinen, 2004). For example, Devitt and 

colleagues (2015) utilized a novel recombination paradigm in which participants were asked to 

imagine past events in response to a set of person, place and object cues from their own personal 

past. Importantly, the  cues were either partially (e.g., the person and place detail from memory 1 

with the object detail from memory 2) or fully recombined (i.e., each detail from a distinct 

memory) with details from other memories that the participant reported during an initial session. 

During the final session, one week after participants imagined said recombined past experiences, 

participants’ memory for the source of the event was tested. That is, participants were presented 

with sets of person, place and object cues where some sets were congruent with past events and 

others were recombined events that participants may have imagined during the prior session. In 

response to each set of cues, participants were asked to decide whether the event was a real event, 

an imagined event, or a recombined event that they had never seen before. Overall, results revealed 

that participants were more likely to make a false alarm to recombined events (i.e., remember the 

recombined event as a real event from their personal past) that were imagined during the previous 

session as compared to novel recombined events. The authors argued that imagining recombined 

events during the second session may have increased the phenomenological richness (e.g., 

vividness, plausibility, personal significance), and specifically, the perceptual detail of the 

imagined events, making them more similar to authentic memories from participants’ personal 

past. Such phenomenological similarity between participants’ memories and imagined past events 
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may make it more difficult for participants to distinguish remembered from recombined events, 

resulting in source memory errors where imagined events are misremembered as being authentic 

memories (Devitt, et al., 2015).  

While such results provide compelling evidence that flexible retrieval and recombination 

mechanisms can result in memory errors where details from an imagined event are misremembered 

as having come from participants’ personal past, to our knowledge, there has been no previous 

work that has directly tested the central idea of the constructive episodic simulation hypothesis. 

That is, the current dissertation aims to examine whether the same flexible retrieval mechanisms 

that support an adaptive cognitive process may also produce memory errors as a result of 

miscombining elements of distinct past experiences.  

 

Flexible Retrieval, False Memories and Associative Inference 

Using a modified associative inference paradigm that requires both flexible retrieval 

mechanisms and supports an adaptive cognitive process, Carpenter and Schacter (2017) directly 

tested the link between flexible retrieval processes that are required to combine elements of distinct 

episodes into functionally useful, novel representations and subsequent memory errors. 

Associative inference serves the adaptive function of allowing us to make new connections across 

event boundaries, and decisions about novel situations, based on flexibly retrieving and 

recombining information acquired in distinct, albeit related prior experiences (e.g., Preston, 

Shrager, Dudukovic, & Gabrieli, 2004; Zeithamova, Dominick & Preston, 2012; Zeithamova & 

Preston, 2010). For example, if one sees two different individuals entering the same house on 

different days, retrieving and recombining details of the two episodes allows one to infer that the 

two individuals are related in some way by their relationship with the house. This kind of flexible 
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retrieval and recombination is quite similar to the kind of flexible recombination that is required 

to draw on elements of past experiences in order to construct simulations of novel future events, 

as discussed by Schacter and Addis (2007a, 2007b, in press).  

In previous studies using the associative inference paradigm (Preston, et al., 2004; Zeithamova 

& Preston, 2010), participants learned direct associations between two items (‘AB’) and then 

learned direct associations between two items that included one member of the previously studied 

pair (‘BC’) and also learned indirect associations based on the overlapping pairs (‘AC’). Later, 

participants received a memory test for both the direct ‘AB’ and direct ‘BC’ associations. In 

addition, participants received an associative inference test for the indirect association (‘AC’). 

Here, they are told that the link between the two items is mediated by a third item (‘B’) that was 

previously associated with both the ‘A’ and ‘C’ items, and to choose which of two items was linked 

to ‘A’ via the shared ‘B’ association. As noted earlier, past studies on memory distortion have 

already shown that knowledge- or schema-driven inferences about sentences and stories can 

contribute to memory errors for related information (e.g., Alba & Hasher, 1983; Branford & 

Franks, 1971) but the kind of inferential retrieval tapped by Zeithamova and Preston’s (2010) 

associative inference task focuses specifically on combining elements from distinct episodes that 

are not linked by pre-existing knowledge or schemas, and thus, likely draws on different processes 

than the meaning-based inferences elicited in classic studies of sentence and story processing. 

Indeed, it is precisely because the associative inference paradigm targets flexible recombination 

processes which link elements of distinct episodes that their paradigm is well suited for testing the 

key claim of the constructive episodic simulation. 

There are two ways that participants can perform well on an associative inference test. First, 

when participants encode the partially overlapping ‘BC’ pairs, they may retrieve the related and 
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previously learned ‘AB’ pairs in order to encode a more integrated representation linking the non-

overlapping ‘A’ and ‘C’ elements (e.g., integrative encoding; Shohamy & Wagner, 2008). Second, 

participants may utilize flexible retrieval and recombination processes during the associative 

inference test itself, bringing to mind the partially overlapping ‘AB’ and ‘BC’ pairs and flexibly 

recombining this information to link the non-overlapping ‘A’ and ‘C’ elements during retrieval 

(e.g., flexible retrieval and recombination). Past neuroimaging work suggests that both integrative 

encoding and flexible retrieval mechanisms can contribute to successful associative inference and 

certain encoding conditions may bias participants toward one or the other (e.g., interleaved vs. 

blocked encoding and multiple repetitions vs. single-trial learning respectively; Schlichting, 

Mumford & Preston, 2015; Schlichting & Preston, 2015; Zeithamova, Dominick & Preston, 2012; 

Zeithamova & Preston, 2010).  

Carpenter and Schacter (2017) adapted the associative inference paradigm developed by 

Zeithamova and Preston (2010) to assess whether flexible retrieval mechanisms that support 

inferential processing also contribute to source memory errors, where contextual details of one 

event are mistakenly remembered as having come from the overlapping, yet incorrect event. More 

generally, Carpenter and Schacter (2017) aimed to determine whether the domain of adaptive 

memory distortions, where a memory error results from carrying out a cognitive operation that has 

demonstrably beneficial consequences on another aspect of performance, extends to associative 

inference.  

In order to test the link between flexible retrieval and recombination mechanisms and 

subsequent false memories, Carpenter and Schacter’s (2017) modified associative inference 

paradigm utilized encoding conditions that biased participants toward flexible retrieval and 

recombination mechanisms rather than integration during encoding (e.g., single-trial learning and 
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blocked ‘AB’ and ‘BC’ encoding conditions). Specifically, during an initial session, participants 

studied scenes that include ‘AB’ pairs (e.g., a person ‘A’ and a toy ‘B’ in a room with a white 

couch) and then studied scenes comprised of ‘BC’ pairs (e.g., the toy ‘B’ and a different person 

‘C’ in a room with a brown couch; blocked encoding). Participants viewed each ‘AB’ and ‘BC’ 

event once (e.g., single-trial learning) and were instructed to learn both the direct association 

between each person and object (‘AB’ and ‘BC’) and the indirect association between the two 

people based on the shared object (‘AC’). After either a 24- or 48-hour delay, participants return 

for a second session in which they are tested for direct associations (‘AB’, ‘BC’) and perform an 

associative inference test for novel combinations that are linked via the ‘B’ item (‘AC’). To test 

whether flexible retrieval and recombination processes underlying successful inference can also 

contribute to memory errors, memory for contextual details from both the ‘AB’ and ‘BC’ scenes 

was also probed (e.g., What color was the couch?) followed immediately by a source memory test 

(In which set of images do you remember seeing this information?). For one half of the ‘AB’ and 

‘BC’ scenes, detail/source memory tests were given before the test of direct (‘AB’ and ‘BC’) and 

indirect (‘AC’) associations, and for the other half, the detail/source memory tests were given after 

the tests of direct and indirect associations. For the detail/source test, a true memory was defined 

as a response in which the participants both chose the correct item and attributed the source of 

their memory correctly (e.g., white couch attributed to ‘AB’ scene context), whereas a false 

memory was defined as a response for which the participant both chose the item from the 

overlapping image (e.g., ‘BC’) and misattributed its source (e.g., brown couch attributed to ‘AB’ 

scene context). 

Results from Carpenter and Schacter (2017), directly linked such flexible recombination 

during retrieval to source memory errors, where details of an overlapping scene were mistakenly 
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attributed to memory for the original scene as a consequence of flexible recombination processes 

that support successful associative inference. That is, participants were more prone to false 

memories that resulted from mistakenly combining contextual scene details from related episodes 

when they made successful (versus unsuccessful) inferences about the relations between these 

episodes, but only when details were probed after (versus before) the associative inference test. 

The results of such experiments provide direct evidence supporting the role of flexible retrieval 

and recombination processes in both an adaptive cognitive process (i.e., successful associative 

inference) and subsequent source memory errors where contextual details from one event are 

mistakenly reactivated and bound to the overlapping, yet incorrect source (Carpenter & Schacter, 

2017). More generally, such results add to the mounting evidence that certain kinds of memory 

errors result from the operation of adaptive constructive processes (Schacter, 2012) that serve a 

variety of beneficial cognitive functions from simulating future experiences (Dudai & Carruthers, 

2005; Schacter & Addis, 2007a, 2007b; Suddendorf & Corballis, 2007) to problem-solving (Howe, 

Garner, Charlesworth, & Knott, 2011) and extracting the gist or meaning of an event (Brainerd & 

Reyna, 1990; Koutstaal, 2006; Schacter, 2001; for reviews, see Howe, 2011; Howe et al., 2016; 

Newman & Lindsay, 2009; Schacter, 2012; Schacter et al., 2011).  

 

Motivation for Papers of the Dissertation  

 The main aims of the three papers in this dissertation are to further examine: 1) the behavioral 

consequences of flexible retrieval mechanisms that support successful associative inference; 2) 

how flexible retrieval processes may change as a result of normal aging and how such age-related 

changes affect the misattribution of contextual details across event boundaries; and 3) how flexible 

retrieval mechanisms that support successful inference affect the neural representations of the 
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overlapping, yet distinct events. Each of the three papers in the dissertation uses a novel cognitive 

or neural approach to determine the behavioral or neural consequences, respectively, of flexible 

retrieval mechanisms that support successful associative inference.  

Paper 1 (Carpenter & Schacter, 2018a) examines the behavioral impact of flexible retrieval on 

false memories by extending our modified associative inference paradigm (Carpenter & Schacter, 

2017) to the domain of value-based decision-making by targeting false memories for value 

information. Paper 2 (Carpenter & Schacter, 2018b) extends past behavioral work highlighting 

inference-related false memories for contextual scene information in younger adults (Carpenter & 

Schacter, 2017) to older adults to determine how age-related changes in associative binding and 

false memories affect older adults’ susceptibility to such inference-related false memories. Paper 

3 builds on such cognitive work by investigating how the neural representations of the non-

overlapping ‘AB’ and ‘BC’ event contexts change as a result of flexible retrieval mechanisms that 

support successful associative inference and further relates such inference-related representational 

changes to participants’ behavioral false memories.  

 

Motivation for Paper 1: Flexible Retrieval and Value-Based Decisions 

Flexible retrieval mechanisms that affect false memory and support successful associative 

inference may also play a role in imaging future events, creating counterfactual versions of past 

events, and updating value-based decisions that rely on a combination of reward-related learning 

and episodic memory. In the current context, we define reward-related learning as trials where 

participants encode the relationship between the anticipated monetary reward and the currently 

presented cue, thus linking a specific item to its potential future value (Murty, FeldmanHall, 

Hunter, Phelps & Davachi, 2016; Wimmer & Büchel, 2016; Wimmer & Shohamy, 2012; Wolosin, 
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Zeithamova & Preston, 2012, 2013). That is, event representations may include specific 

information identifying the reward-context in which the original information was learned (e.g., 

Murty et al., 2016; Wolosin et al., 2012, 2013).  Further, related work has shown that the reward-

context associated with the original item may spread to a related item, thereby indirectly linking 

the related item to the reward-context itself biasing future value-based decisions involving such 

unrewarded, yet related items (e.g., Wimmer & Shohamy, 2012).  

Relatedly, we suggest that such reward-related learning in concert with flexible recombination 

processes active during retrieval (as discussed above), could provide a mechanism by which 

previously rewarded associations can systematically update the value of unrewarded items from 

distinct, yet related episodes. That is, unrewarded items may gain a positive value simply by way 

of reactivating and flexibly recombining elements of previously stored value representations, 

which may further bias novel value-based decisions and participants’ memory for the original 

event (for an example of simulation-based recombination see Benoit, Szpunar & Schacter, 2014). 

If such flexible retrieval mechanisms affect not only participants’ memory for contextual scene 

details but also memory for value-based information, we hypothesize that participants would be 

more likely to misattribute specific value-information across event boundaries following 

successful relative to unsuccessful inference (Experiments 1 and 2). Further, we hypothesized that 

the misattribution of such value information across event boundaries would affect not only 

participants’ explicit memory for the value associated with each item, but would further bias 

participants’ future decisions toward items that were falsely remembered as being associated with 

a high-value reward even though such items presented to participants were never directly 

associated with the possibility of receiving a reward (Experiment 3).  
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While our past work focuses on false memory for contextual scene details (Carpenter & 

Schacter, 2017), Paper 1 extends such findings to false memory for the specific value associated 

with each item and further examines how such value-based false memories bias participants’ 

value-based decisions. The publication that describes this set of three experiments is presented in 

Paper 1 (Carpenter & Schacter, 2018a).  

In Paper 2 below, we extend past work using our modified associative inference paradigm and 

scene contextual details (Carpenter & Schacter, 2017) to investigate the effects of age-related 

associative binding deficits on flexible-retrieval related false memories.  

 

Motivation for Paper 2: Flexible Retrieval, False Memories and Aging 

Age-related deficits in associative binding are well established across a range of tasks and 

conditions (Old & Naveh-Benjamin, 2008), including but not limited to, memory for the source of 

the information (e.g., which speaker presented a fact; Schacter, Kaszniak, Kihlstrom, & Valdiserri, 

1991), item-context binding (e.g., the font that a word was presented in; Kausler & Puckett, 1980), 

the temporal order of events order (e.g., which word was presented first; Newman, Allen, & 

Kaszniak, 2001), and spatial location information (e.g., where on the screen an item was presented; 

Bastin & Van der Linden, 2006). Age-related declines in associative binding are thought to be a 

consequence of older adults’ inability to form and retrieve links across different pieces of 

information. For example, older and younger adults are equally able to remember color 

information and object information separately but older adults perform worse, relative to younger 

adults, when they are required to bind color and object information together (e.g., remembering 

the color that the object was originally presented in; Chalfonte & Johnson, 1996). Taken together, 
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such work suggests that age-related declines are specific to binding disparate pieces of information 

into complex memories rather than recalling individual pieces of information.  

Such age-related binding deficits are particularly relevant to situations in which people need 

to recombine bits of stored information to construct novel representations. That is, older adults 

have special difficulty when it comes to recombining details from past events into an imagined 

future event (Addis, Musicaro, Pan, & Schacter, 2010) and typically construct less detailed novel 

future events relative to younger adults (for review, see Schacter, Gaesser, & Addis, 2013; 

Schacter, Devitt, & Addis, 2018). Given our hypothesis that inference-related false memories in 

younger adults are the result of flexible retrieval and recombination mechanisms active during the 

associative inference test, such age-related binding deficits may affect inference-related false 

memories because older adults may not retrieve the overlapping, yet distinct ‘AB’ and ‘BC’ events 

in as much detail compared to younger adults and further, older adults may not fully recombine 

the non-overlapping ‘A’ and ‘C’ elements in support of successful inference to the same extent as 

younger adults, resulting in a less episodically detailed recombined representation. Thus, such age-

related declines in associative binding would make it less likely for contextual details from one 

event to be mistakenly bound to the overlapping, yet incorrect event following successful 

associative inference relative to younger adults.  

Alternatively, past work has linked age-related declines in associative binding of item 

information to its respective source with increased susceptibility to false memories in older adults, 

where details of one event are remembered as having come from another event (Fandakova, Shing, 

& Lindenberger, 2013; Lyle, Bloise, & Johnson, 2006; for review, see Devitt & Schacter, 2016). 

Further, such associative binding deficits have been linked to older adults’ susceptibility to source 

memory errors (Wylie et al., 2014). For example, when participants simulate counterfactual 
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scenarios of past events, older adults compared to younger adults were more likely to misremember 

the counterfactual simulation as the original event (Gerlach, Dornblaser, & Schacter, 2014). Thus, 

as a result of such age-related declines in binding events and related contextual details to their 

respective sources, during the associative inference test, older adults may reactivate the 

overlapping, yet distinct ‘AB’ and ‘BC’ events and be more likely to mistakenly bind contextual 

details from one event to the overlapping, yet incorrect event relative to younger adults.  

In sum, age-related declines in associative binding may result in both less episodically detailed 

recombined representations (e.g., imaginations) and increases in false memories where such 

recombined representations are not bound to their respective source (e.g., source misattributions). 

Given such an account, we propose two possible alternatives: If age-related declines in associative 

binding during the directly learned/associative inference test indeed result in less detailed and less 

fully integrated event representations, we hypothesize that older adults would not show greater 

false memory rates after successful relative to unsuccessful inference. Alternatively, if such 

binding deficits result in recombined/integrated representations that are not bound to their 

respective source, we hypothesize that older adults would be more likely to show greater false 

memory scores after successful relative to unsuccessful inference. The publication stemming from 

the current experiment is presented as Paper 2 (Carpenter & Schacter, 2018b).  

While Papers 1 and 2 address the behavioral consequences of flexible retrieval mechanisms 

that support successful associative inference and further, produce false memories for non-

overlapping contextual details (both scene and value contextual details), Paper 3 below focuses on 

the neural consequences of flexible retrieval and event integration.  
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Motivation for Paper 3: Flexible Retrieval, False Memories and Neural Pattern 

Similarity 

Based on past work (Carpenter & Schacter, 2017; 2018a), we suggest that flexible retrieval 

mechanisms that support successful associative inference cause contextual details from one event 

may be more fully bound to the overlapping, yet incorrect source, resulting in memory errors 

associated with heightened cross-episode binding (cf., Bridge & Voss, 2014a, 2014b) as a result 

of flexible retrieval and recombination processes. While past behavioral results are in line with 

such an account (Carpenter & Schacter, 2017; Carpenter & Schacter 2018a), nothing is known 

about the neural basis of this effect. Specifically, it is unknown whether the neural representation 

of the currently cued event becomes more similar to the overlapping, yet incorrect event context 

following successful associative inference. Such changes in representational similarity would be 

expected if during successful associative inference ‘AB’ and ‘BC’ representations are indeed 

reactivated and recombined to create a more integrated representation where contextual details are 

more fully, yet mistakenly bound to the overlapping, yet incorrect event.  

Results of past work utilizing various fMRI analytic methods highlight the role of the MTL 

(specifically the anterior hippocampus) and ventral medial prefrontal regions in the flexible 

retrieval and recombination of overlapping, yet distinct events in order to support successful 

associative inference (Preston et al., 2004; Zeithamova & Preston, 2010; Zeithamova, Dominick 

& Preston, 2012). Further, following the recombination/integration of such episodes, the neural 

patterns for non-overlapping items (i.e., ‘A’ and ‘C’) become more similar to one another in the 

anterior hippocampus and posterior medial prefrontal cortex (Schlichting et al., 2015). Finally, 

past work has shown that degree of item-specific reinstatement during retrieval tracks various 

aspects of participants’ memories from free-recall of event details (e.g., Oedekoven, Keidel, 
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Berens & Bird, 2017) to ratings of recognition memory confidence (Ritchey, Wing, LaBar & 

Cabeza, 2013). That is, greater reinstatement of encoding-related neural patterns during retrieval 

has been linked to the successful retrieval of event details (e.g., Oedekoven et al., 2017) and higher 

ratings of memory confidence when participants are asked to judge whether an event detail is old 

(Ritchey et al., 2013).    

Paper 3 aims to integrate past research linking the hippocampus to flexible retrieval/cross-

episode binding mechanisms that support successful inference with findings highlighting increased 

pattern similarity as a result of such flexible retrieval/integration mechanisms to determine how 

such representational overlap affects both the reinstatement of specific event details and false 

memories for the contextual details of the recombined/integrated events.  

In order to assess the reinstatement of specific memory elements during retrieval, we utilized 

a representational similarity analysis (RSA) approach with our modified associative inference 

paradigm. That is, the goal of Paper 3 is to target item-specific reinstatement of the contextual 

information that we hypothesize is mistakenly retrieved and bound to the overlapping event during 

successful inferential retrieval. In line with this goal, we targeted the increased reinstatement of 

the overlapping, yet incorrect contextual scene information following successful inferential 

retrieval and further related the fidelity of the reinstatement of contextual details from the 

overlapping, yet incorrect event to participants’ behavioral false memory scores.  

For example, during detail retrieval trials, participants were presented with person A1 in order 

to cue the retrieval of details related to context AB1. In line with past research, reactivation or 

reinstatement of context AB1, in response to the cue individual A1, may track participants’ true 

memory performance (Mack & Preston 2016). Alternatively, in line with the goal of Paper 3, 

reinstatement of the incorrect context from the overlapping event (e.g., context BC1 – false 
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contextual reinstatement), in response to cue individual A1, may track participants’ false memory 

performance as a result of reactivating and recombining the partially overlapping events during 

the directly learned/associative inference test. In order to determine how flexible retrieval/cross-

episode binding mechanisms that support successful associative inference affect false contextual 

reinstatement, we then compared such pattern similarity scores for successful inference triads to 

unsuccessful inference triads both before and after the directly learned/associative inference test.  

We predicted greater pattern similarity scores in the anterior hippocampus, posterior medial 

prefrontal cortex (mPFC) and in relevant content-reinstatement regions after successful relative to 

unsuccessful inference. Further, we hypothesized that the degree of successful inference-related 

change in pattern similarity scores for our ‘content-reinstatement’ region (i.e., L. inferior temporal 

cortex; ITG) should track the strength of participants’ behavioral false memory effects.  

If the results are as hypothesized, they would suggest that the same hippocampally-dependent 

flexible retrieval processes that support successful associative inference also result in the neural 

representations of the original event becoming more similar to the overlapping, yet incorrect 

context during subsequent retrieval attempts. Such findings would suggest that our inference-

related behavioral false memory effects may be the result of mistaken binding of contextual details 

from the overlapping, yet incorrect event context to the currently cued event as a result of 

successful associative inference.  

More generally, and in line with the tenets of the constructive episodic simulation hypothesis 

discussed above (Schacter & Addis, 2007a, 2007b, in press), such results would provide novel 

neuroimaging evidence that directly links flexible retrieval and recombination processes with 

memory errors that result from adaptive uses of those processes (e.g., successful associative 
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inference). The results and manuscript stemming from the fMRI experiment are presented in Paper 

3 (Carpenter, Thakral, Preston & Schacter, Under Review).  

Next, I present the three papers of the dissertation, followed by a concluding chapter that 

highlights the implications of each paper and potential steps for future research.   
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Paper 1: 

Carpenter, A.C. & Schacter, D.L. (2018a). False Memories, False Preferences: Flexible Retrieval 

Mechanisms Supporting Successful Inference Bias Novel Decisions. Journal of Experimental 

Psychology: General, 147(7), 988-1004. 
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Abstract 

Prior research suggests that episodic memory can guide value-based decisions when single 

episodes are encoded in relation to the specific reward-context in which they were experienced. 

The current experiments examine the role that a flexible recombination-related retrieval 

mechanism that allows one to link together distinct events plays in the misattribution of specific 

reward-contexts across distinct episodes. To determine whether the same recombination-related 

retrieval mechanism supports both successful inference and transfer of reward-context across 

episodes, we developed a modified version of an associative inference paradigm in which 

participants encoded overlapping associations (AB, BC) that could later be linked to support 

inferential retrieval (AC), where one element (‘A’) was tied to reward. Our key experimental 

manipulation concerned whether value memory (Experiments 1 and 2) or decision bias tests 

(Experiment 3) were probed before or after the associative inference test, thereby allowing us to 

assess whether false value transfer and decision bias scores increased after as compared to before 

successful versus unsuccessful inference. Results revealed that participants more frequently 

misattributed the specific reward-context (‘A’) to unrewarded items (‘C;’ Experiments 1 and 2) 

and showed higher decision bias scores when asked to choose between two previously unrewarded 

items (‘C;’ Experiment 3) for successful compared with unsuccessful inference, but only when the 

value memory and decision bias tests were given after the associative inference test. These results 

suggest that a recombination-related retrieval mechanism that supports successful inference also 

contributes to the misattribution of reward-context in memory and further biases participants’ 

novel value-based decisions. 
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Decisions are often guided by memory for past experiences. If a past choice led to a positive 

outcome, people are more likely to make that same choice again. Recent research in the field of 

value-based decision-making has examined this link between choice and memory (Doll, Shohamy 

& Daw, 2015; Duncan & Shohamy, 2016; Palombo, Keane & Verfaellie, 2015; Wimmer & 

Shohamy, 2012). In these studies, participants learned stimulus-reward relationships gradually 

within the context of hundreds of repeated experiences. Because participants were exposed to 

many repeated trials over which they were able to incrementally learn the stimulus-reward 

association, it is difficult to determine exactly how specific valued events affect the interaction of 

episodic memory and future value-based choices. In everyday life, individuals often are not 

presented with multiple repetitions of past experiences prior to making decisions. Rather, 

individuals commonly make decisions based on limited prior information, where they may have 

only experienced the decision-relevant episode once. In contexts where the decision-relevant 

episode has only been experienced once, value-based choice has been proposed to depend on a 

mechanism that flexibly samples specific reward-related representations stored in memory 

(Bornstein, Khaw, Shohamy & Daw, 2017; Bornstein & Norman, 2017; Gluth, Sommer, Reiskamp 

& Büchel, 2015; Murty, FeldmanHall, Hunter, Phelps & Davachi, 2016; Wimmer & Büchel, 

2016).  

Such proposals linking episodic memory and value-based decision-making require that single 

episodes be encoded in relation to the specific reward-context in which they occurred (Gluth, 

Sommer, Reiskamp & Büchel, 2015; Murty et al., 2016; Wimmer & Büchel, 2016). Recent 

behavioral experiments have found that (1) participants are indeed able to remember specific 

associations between an item and its reward-context and (2) memory for these detailed item-

reward-context associations guide value-based decisions, particularly in situations where the 
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participant decides between two options that they have never previously considered in relation to 

one another (e.g., novel choice between a previously experienced option and a new, never before 

experienced option; Murty et al., 2016; Wimmer & Büchel, 2016). For example, when participants 

were asked to select between a lottery that was previously associated with either a high or low 

reward outcome (i.e., ‘old’ lottery) and a new lottery during a novel decision-making task, adaptive 

decisions were identified as decisions where participants selected ‘old’ lotteries that were 

associated with high-reward outcomes or avoided ‘old’ lotteries that were associated with low-

reward outcomes, such that these decisions increased the likelihood that participants would receive 

a high-value reward (Murty et al., 2016). Importantly, the likelihood that participants made these 

adaptive decisions (i.e., chose high-value lotteries and avoided low-value lotteries) depended on 

their memory for the association between an ‘old’ lottery and its specific reward-context (i.e., 

whether the lottery was associated with a high- or low-value outcome), rather than item memory, 

where participants remember individual features of a lottery without retrieving any details of the 

context in which the lottery was previously experienced (Murty et al., 2016). In sum, these results 

suggest that at the time of the decision, participants retrieve rich associative memories consisting 

of relationships between specific features of a previous experience, such that they are able to 

remember the specific lottery (item) and its associated reward-context (source), thus providing 

participants with a detailed representation of a single past experience that they can flexibly apply 

to guide subsequent value-based choice (Murty et al., 2016). 

Previous research suggests that such novel decisions (i.e., decisions between two options that 

have never been considered in relation to one another), based on single past experiences, may be 

supported by two key episodic memory mechanisms. The first is reward-related learning, where 

the relationship between the anticipated reward (i.e., reward-context) and the currently presented 
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cue (i.e., the lottery) is encoded, thus linking a specific item to its potential future value (Murty et 

al., 2016; Wimmer & Büchel, 2016; Wimmer & Shohamy, 2012; Wolosin, Zeithamova & Preston, 

2012, 2013). The second is a flexible recombination mechanism that has been previously linked 

with episodic simulation of hypothetical experiences (Schacter & Addis 2007a, 2007b), where 

participants either simulate possible future scenarios that might occur as the result of a choice, or 

simulate alternative scenarios of what might have occurred as a result of having chosen differently 

in the past (for review, see Schacter, Benoit, De Brigard & Szpunar, 2015).  Let us consider each 

mechanism in turn. 

 With respect to reward-related learning, specific reward-contexts presented during encoding 

affect explicit measures of memory for the source of the information, such that participants are 

able to remember the specific value associated with an item or episode (i.e., whether items were 

no-, low-, or high-value; Murty et al., 2016; Wimmer & Büchel, 2016). Consistent with this 

behavioral finding, research suggests that distributed patterns of activation within the hippocampus 

may reflect the specific value of the reward-context associated with each individual event, such 

that representations within the hippocampus differentiate between low- and high-value reward-

contexts (Wolosin, Zeithamova & Preston, 2013). Reward-context can also affect implicit 

measures of value-based decision bias, where participants’ financial risk-taking or choice of a 

familiar lottery increased (as compared to a new lottery) when they were primed with the 

previously learned high-value associations (Wimmer & Büchel, 2016), as well as when they could 

explicitly remember such associations (Murty et al., 2016). Thus, representations of previously 

learned associations include specific information identifying the reward-context in which the 

information was encoded (Wolosin, et al., 2013) and further guide future value-based decision-

making (Murty et al., 2016; Wimmer & Büchel, 2016).   
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Flexible recombination processes support our ability to link together related information 

acquired in distinct episodes in order to construct simulations of novel future events (Schacter & 

Addis, 2007a, 2007b). We frequently encounter and simulate possible future scenarios in which 

we are required to make a choice between two options that we have never previously considered. 

In such instances of novel decision-making, flexible recombination during retrieval may play a 

particularly adaptive role, allowing one to recombine elements of past experiences in order to 

simulate the prospective scenario (Schacter, 2012; Schacter & Addis, 2007a, 2007b). This 

simulated mental representation can then guide future-oriented or novel decisions by allowing one 

to predict the expected value associated with the decision (Benoit, Gilbert &Burgess, 2011) and 

further allows one to link the prospective scenario to past and expected future rewards, allowing 

for an immediate experience of the future decision’s affective value (Boyer, 2008). This simulated 

mental representation can then guide future-oriented or novel decisions (Benoit, Gilbert &Burgess, 

2011; Schacter et al., 2015; Schacter, Benoit, & Szpunar, 2017).  

This kind of flexible recombination that allows one to simulate future events is quite similar to 

the flexible recombination processes examined in studies of associative inference that allow one 

to link together related information acquired in distinct episodes in order to make novel 

connections that have not been directly experienced. In previous studies utilizing the associative 

inference paradigm, which requires participants to reactivate and flexibly recombine elements of 

overlapping episodes, participants learned direct associations between two items (e.g., individual 

‘A’ and child ‘B’) and then learned overlapping associations between a member of the previously 

studied pair and a new item (e.g., child ‘B’ and individual ‘C;’ for evidence and review see 

Carpenter & Schacter, 2017; Schlichting & Preston, 2015; Zeithamova & Preston, 2010; 

Zeithamova, Schlichting, & Preston, 2012). Participants were also instructed to learn the indirect 
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relationships between the ‘A’ and ‘C’ items that are mediated by the item ‘B’ (i.e., associative 

inference). Later, participants completed a memory test for both the directly learned associations 

(AB and BC) and the associative inferences (AC). Flexibly recombining and linking related 

information acquired in distinct episodes allows for novel connections that have not been directly 

experienced. For example, if one sees two different individuals (‘A’ and ‘C’) walking with the 

same child (‘B’) on two different days, retrieving and recombining details of the two episodes 

allows one to infer that the two individuals are related in some way by their relationship with the 

child. Further, if you have had a positive past experience with the first individual who was with 

the child but no prior experience with the second individual, retrieving and recombining details of 

these two episodes not only allows you to infer the relationship between the two individuals, but 

may transfer affective value associated with the first individual to your mental representation of 

the second individual, thereby updating the associated reward-context and perhaps leading to a 

choice to interact with the second individual. Reward-related learning in concert with such flexible 

recombination processes during retrieval could provide a mechanism by which previously 

rewarded associations can systematically update the value of unrewarded items from distinct yet 

related episodes. That is, unrewarded items may gain a positive value simply by way of flexibly 

recombining elements of previously separate experiences, which may further bias novel value-

based decisions (for an example of simulation-based recombination see Benoit, Szpunar & 

Schacter, 2014).   

Recent work from Martinez, Mack, Gelman and Preston (2016) provides evidence for the role 

of memory-guided decision bias in such social interactions. Specifically, results revealed that the 

reactivation of prior memories (e.g., remembering that individual ‘A’ cooperates) during new 

learning (e.g., learning that individual ‘A’ is friends with individual ‘B’) allowed for the transfer 
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of social reputation from individual ‘A’ to the associated individual ‘B,’ such that if individual ‘A’ 

cooperates then individual ‘B’ was treated as if they also cooperate (Martinez et al., 2016). That 

is, memories of past interactions and learned social connections biased participants’ decisions to 

interact with a member of a shared social group, even when they had not interacted with that 

particular group member in the past. 

Indeed, a related line of research suggests that false ‘spreading’ or transfer of value can occur 

when a rewarded item (‘A’) was previously paired with an unrewarded item (‘B’), resulting in a 

preference for item ‘B’ even though it was never directly linked to receipt of the reward (Wimmer 

& Shohamy, 2012). Importantly, items ‘A’ and ‘B’ were originally learned in the same context 

(i.e., similar to how participants learned the direct relationship between ‘A’ and ‘B’ during the 

associative inference paradigm) and thus did not require participants to flexibly recombine 

elements of distinct episodes in order to learn the relationship between the two items, or to simulate 

the outcomes of possible future choices. Therefore, results suggest that value can be transferred 

within associative pairings, as participants showed a greater decision bias for unrewarded items 

that were directly paired with a subsequently rewarded item as a result of reactivating the 

previously learned A-B association during the reward-learning phase (Wimmer & Shohamy, 

2012). That is, the reward-context associated with a specific item can be spread or transferred to a 

related item that was presented within a single reactivated episode.  

However, it is currently unknown whether the same flexible recombination processes that 

allow for novel associative inference, where the relationship between two items (‘A’ and ‘C’) is 

mediated by a third item (‘B’), also support the biased updating of specific value representations 

across distinct contexts when episodes are only experienced once. Consistent with this possibility, 

in recent experiments using a modified associative inference paradigm, we directly linked such 
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flexible recombination during retrieval to source memory errors: details of an overlapping scene 

were mistakenly attributed to memory for the original scene as a consequence of flexible 

recombination processes that support successful associative inference (Carpenter & Schacter, 

2017). That is, participants were more prone to false memories that resulted from mistakenly 

combining scene details from related episodes when they made successful (versus unsuccessful) 

inferences about the relations between these episodes, but only when details were probed after 

(versus before) the associative inference test.  

Similar to the way in which contextual scene details are mistakenly transferred across distinct 

past experiences following flexible retrieval supporting associative inference, we suggest that the 

specific reward-context of an original event may be misattributed to memory of an unrewarded 

overlapping event. If so, we would also predict that following successful inference, when 

participants are confronted with a novel decision between two previously unrewarded items, they 

will be biased to choose the unrewarded item that was linked indirectly to a rewarded item learned 

in a distinct context.  

While our previous research implicates the role of recombination-related retrieval processes 

on subsequent source memory errors, there are two ways that participants can perform successfully 

on an associative inference test (Carpenter & Schacter, 2017). First, participants may integrate the 

AB and BC representations during encoding such that an integrated representation (ABC) is later 

retrieved during the test (i.e., integrative encoding; e.g., Shohamy & Wagner, 2008). Alternatively, 

participants may flexibly retrieve and recombine the previously studied AB and BC pairs during 

the associative inference test (i.e., recombination processes during retrieval; Carpenter & Schacter, 

2017; Zeithamova & Preston, 2010). Prior neuroimaging studies suggest that both integrative 
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encoding and recombination processes during retrieval play a role in successful associative 

inference (Zeithamova, Dominick & Preston, 2012; Zeithamova & Preston, 2010). 

To directly test the role of flexible recombination processes in reward-related learning and 

subsequent novel decision-making, we used a modified version of an associative inference task 

that targets flexible recombination (Carpenter & Schacter, 2017; Preston, Shrager, Dudukovic, & 

Gabrieli, 2004; Zeithamova et al., 2012; Zeithamova & Preston, 2010) and, critically, incorporates 

aspects of the monetary incentive encoding task that targets reward-related learning mechanisms 

(Adcock, Thangavel, Whitfield-Gabrieli, Knutson & Gabrieli, 2006; Wimmer & Shohamy, 2012).   

In our version of the associative inference paradigm, during an initial session participants study 

person-object associations (AB) where the ‘A’ item is either linked to a value or no-value reward-

context (Experiment 1) or to a high-value or low-value reward-context (Experiment 2). 

Participants then study overlapping person-object associations (BC) where the ‘C’ item is either 

linked to a no-value or value reward-context, respectively. Participants are instructed to learn both 

the direct associations between each person and object (AB and BC) and the indirect association 

between the two people based on the shared object (AC). Additionally, participants are instructed 

to learn the reward-context associated with each item (i.e., value or no-value). After a delay, 

participants return for a second session in which they are tested for direct associations (AB, BC) 

and perform an associative inference test for novel combinations that are linked via the ‘B’ item 

(AC; see Figure 1.1).  
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Figure 1.1.  Illustration of materials, stimuli, and test displays from Experiments 2 and 3. (A) The 
Session 1 section shows one example of an AB image in which the man is item ‘A’ and the toy 
truck is item ‘B’ and the corresponding BC images in which the boy is item ‘C.’ Only the ‘A’ item 
(man) is identified as a high-value item. (B) The Session 2 section shows the Value Memory Test 
used in Experiment 2 (Experiment 1: 1) Valued Item ($$$), 2) No-Value Item and 3) Unsure) and 
the Decision Bias Test used in Experiment 3. For each value memory question participants saw a 
cutout of an item (A, B or C) presented to the right of the question in order to indicate which event 
the question referred to. In Experiments 1 and 2, false value transfer occurred when participants 
chose the specific value (i.e., Experiment 1: valued; Experiment 2: high- or low-value) that was 
associated with the ‘A’ (or ‘C’) individual and attributed this value to the unrewarded ‘C’ (or ‘A’) 
individual – as indicated by the red (dark grey) circles. True memories occurred when participants 
correctly indicated that the unrewarded ‘C’ individual was indeed a “no-value” item – as indicated 
by the green (light grey) circles. In Experiment 3, participants were instructed to choose between 
two unrewarded ‘C’ items. One of the unrewarded ‘C’ items was indirectly linked to a high-value 
item (i.e., unrewarded high-value) whereas the other item was indirectly linked to a low-value item 
(i.e., unrewarded low-value). False decision bias occurred when participants chose the unrewarded 
high-value item as the “luckier” item meaning this item was more likely to lead to a high-value 
reward at the end of the second session – as indicated by the red (dark grey) circle. No decision 
bias occurred when participants equally chose the unrewarded high- and low-value items as the 
“luckier” item. (C) The green (light grey) circles indicate the correct answer for the associative 
inference and directly learned questions. Participants saw these images without the red (dark grey) 
and green (light grey) circles. Panel C of Figure 1.1 is reprinted from Carpenter, A.C. & Schacter, 
D.L. (2017). Flexible retrieval: When true inferences produce false memories. Journal of 
Experimental Psychology: Learning, Memory & Cognition, 43(3), 335-349. Reprinted with 
permission of the American Psychological Association.  
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In order to test whether retrieval-related recombination processes underlying successful 

inference contribute to the transfer of positive value across event boundaries to previously 

unrewarded items, in Experiments 1 and 2 participants’ memory for the specific value of each item 

(i.e., ‘A,’ ‘B’ and ‘C’) is explicitly probed. For one half of the AB and BC pairs, explicit value 

memory tests, where participants are asked to remember the specific reward-context associated 

with a previously learned item (i.e., Experiment 1: value or no-value; Experiment 2: high-value, 

low-value, no-value), are given before the test of direct (AB, BC) and indirect (AC) associations, 

and for the other half, the value memory tests are given after the tests of direct and indirect 

associations.  

The critical comparisons concern the proportions of what we call false value transfer (e.g., 

when participants attributed the specific reward-context of previously rewarded item ‘A’ to their 

memory of unrewarded item ‘C,’ thus remembering item ‘C’ as having been rewarded) on the 

value memory test given before versus after the associative inference test, for correct as compared 

to incorrect associative inference trials (i.e., AC). We distinguish among three competing 

hypotheses:  

1) If recombination during retrieval both enhances associative inference performance and 

increases false value transfer, then false value transfer scores should be higher for correct than 

incorrect inference trials, but only when the value memory test is given after the associative 

inference test (during which recombination occurs); there should be no difference in the proportion 

of false value transfer scores for correct vs. incorrect inference trials when the value memory test 

is given before the associative inference test. 

2) If false value transfer scores are higher for correct as compared to incorrect inference trials 

when the value memory tests are given both before and after the associative inference test, then 
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these effects are consistent with integrative encoding processes.   

3) If there is no link at all between recombination during retrieval and false value transfer then 

there should be no difference between the proportion of false value transfer scores for correct and 

incorrect inference trials regardless of when the value memory tests are given. 

 To test these hypotheses, we conducted three experiments that used the same basic paradigm 

and differed only in whether false value transfer was assessed with respect to explicit value 

memory using a value memory test (Experiments 1 and 2) or implicit decision bias using a decision 

bias test (Experiment 3; see Figure 1.2 for a visualization of the predicted patterns of results for 

each hypothesis).  

All three experiments provided evidence in favor of the first hypothesis outlined above: both 

the proportion of false value transfer and decision bias scores were higher for correct than incorrect 

inference trials, but only when the tests were given after the associative inference test, during 

which recombination occurs. These findings implicate recombination mechanisms during retrieval 

in both successful associative inference and false transfer of value across distinct episodes to 

previously unrewarded items, which further bias novel value-based decisions.  
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Figure 1.2. Schematic depiction of predicted false value transfer (Experiments 1 and 2) and 
decision bias (Experiment 3) results for each hypothesis. (H1) If flexible recombination during 
retrieval both enhances associative inference performance and increases false value transfer (or 
decision bias), then false value transfer (or decision bias) scores should be higher for correct than 
incorrect inference trials, but only when the value memory (or decision bias) test is given after the 
associative inference test (during which recombination occurs); there should be no difference in 
the proportion of false value transfer (or decision bias) scores for correct vs. incorrect inference 
trials when the value memory test is given before the associative inference test. (H2) If integration 
during encoding supports both successful associative inference and increases false value transfer 
(or decision bias), then false value transfer (or decision bias) scores should higher for correct as 
compared to incorrect inference trials when the value memory (or decision bias) tests are given 
both before and after the associative inference test. (H3) If there is no link at all between 
recombination during retrieval or integration during encoding and false value transfer (or decision 
bias) then there should be no difference between the proportion of false value transfer (or decision 
bias) scores for correct and incorrect inference trials regardless of when the value memory (or 
decision bias) tests are given. 
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Experiment 1 

Method 

Participants. A power analysis (Faul, Erdfelder, Lang & Buchner, 2007) based on effect sizes 

from our previous related work (Carpenter & Schacter, 2017) for the key predicted effect of interest 

revealed that a sample size of 20 would provide the ability to detect an effect after as compared to 

before successful inference conditions with power of >.80. Thus, we aimed for a sample of 24 

usable participants. 25 young adults (mean age = 21.20, SD = 2.09; 19 female) were recruited via 

advertisements at Boston University and Harvard University. All had normal vision and no history 

of neurological impairment. They gave informed consent, were treated in accordance with 

guidelines approved by the ethics committee at Harvard University, and received either course 

credit or pay for completing the study.  

 Reward-Related AB and BC Encoding. Both experimental sessions were executed on an 

Apple desktop computer using PsychoPy2 (v1.80.03). Stimuli consisted of 160 pairs of color 

images depicting people and common objects (e.g., toy truck). 80 total unique ABC triads (80 AB 

pairs, 80 BC pairs) were constructed. Overlapping AB and BC pairs were constructed such that 

two individuals (‘A’ and ‘C’) shared an association with an overlapping object (‘B;’ i.e., one ABC 

triad). Presentation locations were counterbalanced across participants such that each item was 

presented on the right/left equally often for both AB and BC pairs. Participants received one of 

two versions of the AB encoding task, which consisted of 80 pairs (i.e., AB) followed by the 

corresponding BC encoding task, which consisted of 80 pairs (i.e., BC; see Figure 1.1). Each pair 

was randomly presented for 5 seconds within each encoding block (i.e., AB encoding and BC 

encoding; see Figure 1.1). 40 pairs of the AB encoding task identified the ‘A’ item as a valued 

item (i.e., $$$ - $2.00 reward), whereas the alternate 40 pairs identified the ‘A’ item as a no-value 
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item (i.e., $0.00 reward). For the 40 no-value AB pairs, the corresponding ‘C’ items during the BC 

encoding task were identified as valued items. If a triad’s ‘A’ item was associated with a value 

(i.e., valued-item), the corresponding ‘C’ item was not associated with any value (i.e., no-value 

item). All value associations were counterbalanced across participants, such that each ‘A’ or ‘C’ 

item was associated with a value or no-value equally often.  

Participants were instructed to learn both the direct associations (i.e., AB, BC) and the indirect 

associations (i.e., AC) along with whether an item was valued or not. Participants were told that if 

they were able to remember all of the information that was tied to a valued item (i.e., value 

information, direct association and indirect association) they would receive this reward at the end 

of the second session. Importantly, participants were instructed to use the same encoding strategy 

for valued and no-value pairs (Wolosin et al., 2013) in order to control for the possibility of a 

strategic tradeoff between learning valued as compared to no-value pairs (Hennessee, Castel & 

Knowlton, 2017). Following each pair, participants were asked to provide a judgment of learning 

on a scale from 1 to 4 (1 = definitely forget, 4 = definitely remember). These judgments were 

collected in order to ensure participants’ attention during the encoding phase. 

Value Memory Test. Following a 48-hour delay, participants came to the lab to complete the 

second session. Three value memory questions were constructed for each of the 80 ABC triads 

(one question related to each distinct item – ‘A’, ‘B’ or ‘C’). A cutout of the individual (‘A’ or 

‘C’) or object (‘B’) was presented to the right of the value memory question in order to indicate to 

which item the question referred. Participants were asked to explicitly remember whether an item 

was valued or not valued and were given three possible answer choices: 1) Valued-item ($$$), 2) 

No-value item, or 3) Unsure. Immediately following participants’ value memory response, they 

were asked to rate their confidence in their response on a scale from 1 to 4 (1 = very unsure, 4 = 
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very sure). The presentation order of the value memory questions was randomized for each 

participant and the questions were self-paced. 

 Participants answered the value memory questions for one half of the 80 ABC triads before 

being tested on the directly learned and associative inference trials. After participants were tested 

on the directly learned and associative inference trials, they completed the value memory questions 

for the alternate half of the 80 ABC triads. 

 Directly Learned and Associative Inference Trials. Following the first half of the value 

memory questions, participants were tested on directly learned (AB and BC) and associative 

inference trials (AC). During each directly learned trial, a single cue individual (e.g., an ‘A’ or ‘C’ 

individual) was presented at the top of the screen and two choice objects were presented at the 

bottom of the screen (e.g., the correct ‘B’ object pairing and a lure ‘B’ object from a different ABC 

triad; see Figure 1.1). On the associative inference trials, a cue individual (‘A’) was presented 

along with two individuals at the bottom of the screen (i.e., the correct ‘C’ individual from the 

ABC triad and a lure ‘C’ individual from another triad). Participants were instructed on associative 

inference trials that the association between the cue (‘A’) and the correct choice (‘C’) was indirect, 

mediated through an object (‘B’) that shared an association with both the cue and the correct choice 

during encoding. Participants were instructed to select one of the two choice objects/individuals 

presented or to respond “neither” when they believed that the items had not been previously paired. 

The lure choice options were pseudo-randomly sampled from different triads with the constraint 

being that each lure option was of the same trial type as the correct option (e.g., if the correct 

option was a ‘B’ item then the lure option was another familiar ‘B’ item from a different triad). 

All directly learned and associative inference trials were self-paced. Importantly, for both directly 

learned and associative inference trials, the incorrect choice was a familiar item that had been 
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studied in the context of another individual independent from the cue. Thus, correct responses 

required retrieval of learned associations and could not be made based on the familiarity of the 

choice. The presentation order of the trials was randomized with the only constraint being that AC 

associative inference trials were shown before their corresponding AB and BC directly learned 

trials in order to ensure that participants were not able to form an association between ‘A’ and ‘C’ 

individuals during test. Following each of the directly learned and associative inference trials, 

participants rated their confidence in their response on a scale from 1 to 4 (1 = very unsure, 4 = 

very sure).  

Coding of True Memory and False Value Transfer.  True value memory was defined as 

value memory questions for which the participant chose the correct value that was associated with 

the currently cued item. False value transfer was defined as value memory questions for which the 

participant chose the correct value associated with the overlapping ‘A’ (or ‘C’) item and attributed 

the value to the currently cued unrewarded ‘C’ (or ‘A’) item. False value transfer was analyzed for 

ABC triads for which participants correctly inferred the relationship between ‘A’ and ‘C’ 

compared to triads for which the inference was not correctly made. Additionally, false value 

transfer was evaluated both before explicit retrieval of the inference (i.e., before AC associative 

inference trials) and after inferential retrieval in order to selectively compare the distinct effects of 

integration during encoding and flexible recombination at retrieval on subsequent false value 

transfer.  

 

Results and Discussion 

Directly Learned and Associative Inference Trials. First, we evaluated overall accuracy on 

directly learned and associative inference trials. On average, participants were accurate on 73% of 
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directly learned trials (Mdirect = 0.73, SE = 0.02; range: 0.55 to 0.87) and responded ‘neither’ on 

2% of directly learned trials (Mneither = 0.02, SE = 0.007; range: 0 to 0.13). On average, participants 

were accurate on 63% of associative inference trials (Massociative inference = 0.63, SE = 0.02; range: 

0.33 to 0.75) and responded ‘neither’ on 7% of associative inference trials (Mneither = 0.07, SE = 

0.02; range: 0 to 0.38). Importantly, memory performance for directly learned valued pairs was 

positively correlated with performance for directly learned non-valued pairs (r = 0.58, p = .002), 

suggesting that there was not a tradeoff between learning valued and non-valued pairs. Consistent 

with previous research (Carpenter & Schacter, 2017; Zeithamova & Preston, 2010), we found that 

reaction times on associative inference trials (Massociative inference = 4700 msec, SE = 408) were 

significantly longer than directly learned trials (Mdirect = 3364 msec, SE = 251), suggesting that an 

additional recombination-related retrieval mechanism was used for inferential versus direct 

retrieval (t(24) = 6.52, p < .001, mean difference = 1336, 95% CI = [913, 1759],  d = 1.30). Further, 

participants assigned significantly higher confidence ratings to their responses on directly learned 

(Mdirect = 2.84, SE = 0.09) as compared to associative inference trials (Massociative inference = 2.34, SE 

= 0.10), indicating that participants were more confident in their memory for events that they had 

directly experienced as compared to those resulting from recombination (t(24) = 10.93, p < .001, 

mean difference = 0.50, 95% CI = [0.41, 0.60], d = 2.18).  

False Value Transfer to unrewarded ‘A’ and ‘C’ items. To examine the effects of flexible 

recombination during associative inference on subsequent false value transfer across event 

boundaries, we examined the proportion of value memory questions for which the participant 

chose the correct value associated with the overlapping ‘A’ (or ‘C’) item and attributed the value 

to the currently cued unrewarded ‘C’ (or ‘A’) item with a 2 (time: before vs. after inference 

retrieval) X 2 (inference: correct vs. incorrect inference) repeated measures analysis of variance 
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(ANOVA). Importantly, only trials for which participants correctly remembered the directly 

learned association were included in subsequent analyses. Results revealed no main effect of time, 

F(1,24) < 1, p > .25, ηp2 = 0.03, no main effect of inference, F(1,24) = 2.91, p = .10, ηp2 = 0.11, 

and a significant time by inference interaction, F(1,24) = 5.69, p = .025, ηp2 = 0.19 (see Fig. 2). 

Participants more frequently falsely attributed value to the overlapping event after successful 

inference retrieval (Mafter = 0.49, SE = 0.04) than before successful inference retrieval (Mbefore = 

0.40, SE = 0.04; t(24) = 2.21, p = .037, mean difference = 0.09, 95% CI = [0.006, 0.17], d = 0.44). 

Further, participants did not falsely attribute value more frequently to the overlapping event after 

unsuccessful inference retrieval (Mafter = 0.37, SE = 0.05) than before unsuccessful inference 

retrieval (Mbefore = 0.39, SE = 0.05; t(24) < 1, p > .25, mean difference = 0.03, 95% CI = [-0.07, 

0.12], d = 0.11). Similarly, participants did not falsely attribute value more frequently to the 

overlapping event before successful inference retrieval (Mcorrect = 0.40, SE = 0.04) than before 

unsuccessful inference retrieval (Mincorrect = 0.39, SE = 0.05; t(24) < 1, p > .25, mean difference = 

-0.01, 95% CI = [-0.09, 0.07], d = 0.05). Critically, participants falsely attributed value more often 

to the overlapping event after successful inference retrieval (Mcorrect = 0.49, SE = 0.04) than after 

unsuccessful inference retrieval (Mincorrect = 0.37, SE = 0.05; t(24) = 2.44, p = .022, mean difference 

= 0.12, 95% CI = [0.02, 0.22], d = 0.49), suggesting that recombination processes underlying 

successful inference at retrieval can also lead to false transfer of value to unrewarded items (see 

Figure 1.3 and Supplemental Table 1.1 for means and raw trial numbers).  
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Figure 1.3. Proportion of false value transfer scores in Experiment 1. Performance on the value 
memory test was examined both before and after either successful or unsuccessful inference. 
Importantly, only trials for which participants responded correctly to directly learned trials were 
included in this analysis. Results revealed a significant time by inference interaction in Experiment 
1. Subsequent t-tests confirm that false value transfer scores selectively increased only following 
successful associative inference. Error bars represent ± 1 SEM. 
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False Value Transfer to unrewarded ‘B’ items. To examine the effects of flexible 

recombination during associative inference on subsequent false value transfer within associative 

pairs, we examined the proportion of value memory questions for which the participant chose the 

correct value associated with the overlapping ‘A’ (or ‘C’) item and attributed the value to the 

currently cued unrewarded ‘B’ item with a 2 (time: before vs. after inference retrieval) X 2 

(inference: correct vs. incorrect inference) repeated measures ANOVA. Results revealed no main 

effect of time, F(1,24) < 1, p > .25, ηp2 = 0.02, no main effect of inference, F(1,24) = 1.82, p = .19, 

ηp2 = 0.07, and no time by inference interaction, F(1,24) = 1.67, p = .21, ηp2 = 0.07. Thus, false 

value transfer scores for unrewarded ‘B’ items were similar both before (Mbefore = 0.47, SE = 0.06) 

and after successful inference retrieval (Mafter = 0.46, SE = 0.06). Additionally, false value transfer 

scores for unrewarded ‘B’ items were similar both before (Mbefore = 0.44, SE = 0.06) and after 

unsuccessful inference retrieval (Mafter = 0.41, SE = 0.05).  

True Value Memory. To examine the effects of flexible recombination during retrieval on 

subsequent true value memory, we examined correct responses on the value memory questions 

with a 2 (time: before vs. after inference retrieval) X 2 (inference: correct vs. incorrect inference) 

repeated measures ANOVA. Results revealed no main effect of time, F(1,24) < 1, p > .25, ηp2 = 

0.001, no time by inference interaction, F(1,24) = 1.01, p > .25, ηp2 = 0.04, but a main effect of 

inference, F(1,24) = 4.49, p = .045, ηp2 = 0.16, where true memory scores were moderately higher 

for unsuccessful (M = 0.52, SE = 0.03) than successful inference (M = 0.49, SE = 0.02). True 

memory scores were similar both before (Mbefore = 0.50, SE = 0.02) and after successful inference 

retrieval (Mafter = 0.48, SE = 0.03). Additionally, true memory scores were similar both before 

(Mbefore = 0.51, SE = 0.04) and after unsuccessful inference retrieval (Mafter = 0.53, SE = 0.02; see 

Figure 1.4).  
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Figure 1.4. Proportion of true value memory scores in Experiments 1 and 2. Performance on the 
value memory test was examined both before and after either successful or unsuccessful inference. 
Importantly, only trials for which participants responded correctly to directly learned trials were 
included in this analysis. Error bars represent ± 1 SEM. 
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In summary, the results of Experiment 1 showed that false value transfer scores were higher 

for correct than incorrect inference trials, but only when the value memory test was given after the 

associative inference test, during which recombination occurs. These findings help to distinguish 

among the three competing hypotheses enumerated in the Introduction. Our results support 

hypothesis 1 that recombination occurring during retrieval both enhances associative inference 

performance and increases false transfer of value to memories for unrewarded items. By contrast, 

the results failed to support hypothesis 2 that integrative encoding is responsible for false value 

transfer, because this hypothesis predicts that false value transfer scores should be higher for 

correct as compared to incorrect inference trials regardless of whether the value memory tests are 

given before or after the associative inference test. The results also allow us to reject hypothesis 3, 

which claims no relation between recombination during retrieval and false value transfer, because 

we found clear evidence for such a relation. Thus, Experiment 1 extends to the novel domain of 

false value transfer a parallel pattern of results previously reported for contextual details by 

Carpenter and Schacter (2017), who found that participants were more prone to false memories 

that resulted from mistakenly combining contextual scene details from related episodes following 

successful inferences about the relations between these episodes, but only when these details were 

probed after the associative inference test. 

 

Experiment 2 

In Experiment 2, we attempt to replicate and extend the critical results of Experiment 1 by 

investigating the specificity of the effects produced by retrieval-related recombination processes 

underlying successful inference on false transfer of value to previously unrewarded items. To 

address this issue, participants learned overlapping AB and BC pairs where one item in the ABC 
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triad was either a high- or low-value item (compared to valued or no-value in Experiment 1). 

During both value-transfer tests, given before and after the directly learned and associative 

inference trials, participants were asked to remember the specific value (i.e., high- or low-value) 

associated with each individual item. That is, Experiment 2 investigated whether the falsely 

transferred reward-context tied to a previously unrewarded item includes information as to the 

context’s specific degree of value (i.e., high- or low-value), thus going beyond the valued/no-value 

distinction used in Experiment 1.  

 

Method 

 Participants. 25 young adults (mean age = 20.70, SD = 2.39; 14 female) were recruited via 

advertisements at Boston University and Harvard University. The procedures regarding 

recruitment, eligibility criteria, informed consent and ethical guidelines were identical to 

Experiment 1. One participant was excluded from all subsequent analyses because they were 

accurate on less than 4 percent of the associative inference trials; thus, our final sample consisted 

of 24 participants.  

 Summary of the Procedure. Participants came to the lab for two sessions, separated by a 48-

hour delay. The design parameters and stimuli presented during the first session were the same as 

in Experiment 1 with one modification: 20 pairs of the AB encoding task identified the ‘A’ item 

as a high-value item (i.e., $$$ - $2.00 reward), whereas 20 pairs identified the ‘A’ item as a low-

value item (i.e., $ - $0.10 reward). The remaining 40 pairs did not associate any value with the ‘A’ 

item (i.e., no-value item). For the 40 no-value pairs, 20 of the corresponding ‘C’ items during the 

BC encoding task were identified as high-value items, whereas the other 20 ‘C’ items were 

identified as low-value items. If a triad’s ‘A’ item was associated with any value (i.e., either high- 
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or low-value items), the corresponding ‘C’ item was not associated with any value (i.e., no-value 

item). Participants received one of four versions of the AB encoding task such that all value 

associations were counterbalanced across participants, where each ‘A’ or ‘C’ item was associated 

with high-, low-, or no-value equally often.  

Similar to Experiment 1, participants were instructed to learn both the direct associations (i.e., 

AB, BC) and the indirect associations (i.e., AC) along with the specific value associated with each 

item. Participants were told that if they were able to remember all of the information that was tied 

to valued item (i.e., specific value information, direct association and indirect association) they 

would receive this reward at the end of the second session. Identical to Experiment 1, participants 

were instructed to use the same encoding strategy for high-value and low-value pairs (Hennessee, 

Castel & Knowlton, 2017; Wolosin et al., 2013) and were asked to provide a judgment of learning 

following each pair.  

The design parameters and stimuli presented during the second session were the same in 

Experiment 2 as in Experiment 1 with one modification: Participants were asked to explicitly 

remember the specific value of the currently cued item and were given four possible answer 

choices: 1) High-value item ($$$), 2) Low-value item ($), 3) No-value item, or 4) Unsure. 

The test of directly learned (AB and BC) and associative inference trials (AC) was the same in 

Experiment 2 as in Experiment 1.  

Coding of True Memory and False Value Transfer.  True value memory was defined as 

value memory questions for which the participant chose the correct specific value (i.e., high- vs. 

low-value) that was associated with the currently cued item. False value transfer was defined as 

value memory questions for which the participant chose the correct specific value (i.e., high- vs. 

low-value) associated with the overlapping ‘A’ (or ‘C’) item and attributed the value to the 
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currently cued unrewarded ‘C’ (or ‘A’) item. False value transfer was analyzed for ABC triads for 

which participants correctly inferred the relationship between ‘A’ and ‘C’ compared to triads for 

which the inference was not correctly made. Additionally, false value transfer was evaluated both 

before explicit retrieval of the inference (i.e., before AC associative inference trials) and after 

inferential retrieval in order to selectively compare the distinct effects of integration during 

encoding and flexible recombination at retrieval on subsequent false value transfer.  

  

Results and Discussion 

Directly Learned and Associative Inference Trials. First, we evaluated overall accuracy on 

directly learned and associative inference trials. On average, participants were accurate on 67% of 

directly learned trials (Mdirect = 0.67, SE = 0.03; range: 0.43 to 0.84) and responded ‘neither’ on 

9% of directly learned trials (Mneither = 0.09, SE = 0.03; range: 0 to 0.53). On average, participants 

were accurate on 54% of associative inference trials (Massociative inference = 0.54, SE = 0.03; range: 

0.14 to 0.77) and responded ‘neither’ on 20% of associative inference trials (Mneither = 0.20, SE = 

0.05; range: 0 to 0.78). Importantly, memory performance for directly learned high-value pairs 

was positively correlated with performance for directly learned low-value pairs (r = 0.80, p < .001), 

suggesting that there was not a tradeoff between learning high-value and low-value pairs. 

Consistent with previous research (Carpenter & Schacter, 2017; Zeithamova & Preston, 2010), we 

found significantly longer reaction times on associative inference trials (Massociative inference = 4491 

msec, SE = 251) as compared to directly learned trials (Mdirect = 3037 msec, SE = 118), suggesting 

that an additional recombination-related retrieval mechanism was used for inferential versus direct 

retrieval (t(23) = 8.17, p < .001, mean difference = 1.45, 95% CI = [1.09, 1.82],  d = 1.67). Further, 

participants assigned significantly higher confidence ratings to their responses on directly learned 
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(Mdirect = 2.83, SE = 0.10) as compared to associative inference trials (Massociative inference = 2.39, SE 

= 0.09), indicating that participants were more confident in their memory for events that they had 

directly experienced as compared to those resulting from recombination (t(23) = 7.20, p < .001, 

mean difference = 0.44, 95% CI = [0.31, 0.56], d = 1.47).  

False Value Transfer to unrewarded ‘A’ and ‘C’ items. To examine the effects of flexible 

recombination during associative inference on subsequent false value transfer across event 

boundaries, we examined the proportion of value memory questions for which the participant 

chose the correct value associated with the overlapping ‘A’ (or ‘C’) item and attributed the value 

to the currently cued unrewarded ‘C’ (or ‘A’) item with a 2 (time: before vs. after inference 

retrieval) X 2 (inference: correct vs. incorrect inference) repeated measures analysis of variance 

(ANOVA). Importantly, only trials for which participants correctly remembered the directly 

learned association were included in subsequent analyses. Results revealed no main effect of time, 

F(1,23) = 1.23, p > 0.25, ηp2 = 0.05, no main effect of inference, F(1,23) < 1, p >.25, ηp2 = 0.005, 

but a significant time by inference interaction, F(1,23) = 11.53, p = .002, ηp2 = 0.33 (see Fig. 2). 

Participants more frequently falsely attributed value to the overlapping event after successful 

inference retrieval (Mafter = 0.28, SE = 0.03) than before successful inference retrieval (Mbefore = 

0.20, SE = 0.02; t(23) = 2.55, p = .018, mean difference = 0.08, 95% CI = [0.01, 0.14], d = 0.51). 

Further, participants did not falsely attribute value more frequently to the overlapping event after 

unsuccessful inference retrieval (Mafter = 0.23, SE = 0.03) than before unsuccessful inference 

retrieval (Mbefore = 0.24, SE = 0.03; t(23) < 1, p > .25, mean difference = -0.02, 95% CI = [-0.08, 

0.05], d = 0.09). Similarly, participants did not falsely attribute value more frequently to the 

overlapping event before successful inference retrieval (Mcorrect = 0.20, SE = 0.02) than before 

unsuccessful inference retrieval (Mincorrect = 0.24, SE = 0.03; t(23) = 1.73, p = .10, mean difference 



 47 

= -0.04, 95% CI = [-0.09, 0.008], d = 0.34). Critically, participants falsely attributed value more 

often to the overlapping event after successful inference retrieval (Mcorrect = 0.28, SE = 0.03) than 

after unsuccessful inference retrieval (Mincorrect = 0.23, SE = 0.03; t(23) = 2.34, p = .028, mean 

difference = 0.05, 95% CI = [0.006, 0.10], d = 0.47), suggesting that recombination processes 

underlying successful inference at retrieval can also lead to false transfer of value to unrewarded 

items (see Figure 1.5 and Supplemental Table 1.1 for means and raw trial numbers).  
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Figure 1.5. Proportion of false value transfer scores in Experiment 2. Performance on the value 
memory test was examined both before and after either successful or unsuccessful inference. 
Importantly, only trials for which participants responded correctly to directly learned trials were 
included in this analysis. Results revealed a significant time by inference interaction in Experiment 
2. Subsequent t-tests confirm that false value transfer scores selectively increased only following 
successful associative inference. Error bars represent ± 1 SEM. 
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False Value Transfer to unrewarded ‘B’ items. To examine the effects of flexible 

recombination mechanisms during associative inference on subsequent false value transfer within 

associative pairs, we examined the proportion of value memory questions for which the participant 

chose the correct value associated with the overlapping ‘A’ (or ‘C’) item and attributed the value 

to the currently cued unrewarded ‘B’ item with a 2 (time: before vs. after inference retrieval) X 2 

(inference: correct vs. incorrect inference) repeated measures ANOVA. Results revealed no main 

effect of time, F(1,23) < 1, p > .25, ηp2 = 0.001, no main effect of inference, F(1,23) = 1.32, p = 

0.26, ηp2 = 0.05, and no time by inference interaction, F(1,23) < 1, p > .25, ηp2 = 0.002. Thus, false 

value transfer scores for unrewarded ‘B’ items were similar both before (Mbefore = 0.30, SE = 0.03) 

and after successful inference retrieval (Mafter = 0.30, SE = 0.04). Additionally, false value transfer 

scores for unrewarded ‘B’ items were similar both before (Mbefore = 0.26, SE = 0.03) and after 

unsuccessful inference retrieval (Mafter = 0.27, SE = 0.03).  

True Value Memory. To examine the effects of flexible recombination mechanisms during 

retrieval on subsequent true value memory, we examined correct responses on the value memory 

questions with a 2 (time: before vs. after inference retrieval) X 2 (inference: correct vs. incorrect 

inference) repeated measures ANOVA. Results revealed no main effect of time, F(1,23) = 1.31, p 

> .25, ηp2 = 0.05, no main effect of inference, F(1,23) < 1, p > .25, ηp2 = 0.01, and no time by 

inference interaction, F(1,23) = 1.56, p = .22, ηp2 = 0.06. Thus, true memory scores were similar 

both before (Mbefore = 0.51, SE = 0.03) and after successful inference retrieval (Mafter = 0.44, SE = 

0.04; t(23) = 1.74, p = .096, mean difference = 0.07, 95% CI = [-0.01, 0.16], d = 0.36). 

Additionally, true memory scores were similar both before (Mbefore = 0.49, SE = 0.04) and after 

unsuccessful inference retrieval (Mafter = 0.48, SE = 0.05; t(23) < 1, p > .25, mean difference = 

0.01, 95% CI = [-0.09, 0.11], d = 0.06; see Figure 1.4).  
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 In summary, the results of Experiment 2 provide further evidence that flexible recombination 

processes required for successful associative inference also produce increases in the frequency 

with which participants falsely transfer value to an overlapping event under conditions in which 

the falsely transferred reward-context includes information about the context’s specific degree of 

value (i.e., high- or low-value): false value transfer scores increased significantly after but not 

before successful compared to unsuccessful inferential retrieval. These findings build on those 

from Experiment 1 showing false value transfer for a valued/no-value contrast, and again extend 

our earlier false memory effects for contextual scene details (Carpenter & Schacter, 2017), and 

provide additional evidence for a link between processes that support successful inferential 

retrieval and those that allow for the updating of the reward-contexts associated with previously 

unrewarded events. If associative inference related processes did not affect participants’ memory 

for the value associated with previously learned events, then false value transfer scores would not 

have differed for correct and incorrect inferences, but they did. As in Experiment 1, our finding 

that the observed increase in false value transfer scores occurred only after the associative 

inference test was given implicates recombination during retrieval as the source of the effect, rather 

than integration during encoding.  

 Further, true memory scores and false value transfer to unrewarded ‘B’ items showed no 

relationship to correct versus incorrect inferential retrieval either before or after the associative 

inference test was presented. The lack of a difference in true memory scores indicates that the 

observed updating of reward-context as a result of successful inference is selective to the updating 

of events that were previously unrewarded. The lack of a difference in false value transfer to 

unrewarded ‘B’ items indicates that a retrieval-related recombination mechanism that supports 

successful inference is selectively involved in the transfer or false binding of reward-context across 
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event boundaries. Thus, our results specifically speak to the transfer of a positive reward-context 

across distinct events to an unrewarded item that was indirectly linked to the rewarded item 

following the reactivation and recombination of both AB and BC events that allows for successful 

inference.  

 

Experiment 3 

Experiments 1 and 2 have provided evidence for false value transfer using tests that probe 

explicit recall of value context. In Experiment 3, we asked whether retrieval-related recombination 

processes underlying successful inference also contribute to implicit biasing of future decisions 

between two previously unrewarded items.  To address this issue, participants were asked to 

choose between two unrewarded items, selecting the “luckier” item for potential winnings awarded 

at the end of the experiment (i.e., decision bias test; Wimmer & Shohamy, 2012).  Previous 

research using a similar decision bias test indeed found evidence for false value transfer to an 

unrewarded item that was directly paired with a rewarded item following multiple repetitions 

during encoding (Wimmer & Shohamy, 2012). In contrast, our manipulation of interest concerns 

single-trial learning and targets recombination mechanisms during retrieval rather than integration 

during encoding. In order to directly test the role of recombination during retrieval as compared to 

integration during encoding on subsequent decision bias, implicit decision bias tests were given 

before the test of direct (AB, BC) and indirect (AC) associations for one half of the AB and BC 

pairs, and for the other half, the preference tests were given after the tests of direct and indirect 

associations. Because the results of Experiment 2 showed that false value transfer following 

successful inference was specific to the level of value associated with the reward-context (i.e., 

high- vs. low-value reward-context), in Experiment 3 we utilized this manipulation of degree of 
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value and compared decision bias scores for unrewarded items from high- and low-value triads 

(rather than unrewarded items from valued vs. no-value triads from Experiment 1). 

 Our logic for Experiment 3 closely follows that of Experiment 1 and Experiment 2: 

1) If recombination during retrieval both enhances associative inference performance and 

biases implicit decisions, then decision bias scores should be higher for correct than incorrect 

inference trials, but only when the decision bias test is given after the associative inference test 

(during which recombination occurs). 

2) If decision bias scores are higher for correct as compared to incorrect inference trials 

independent on whether the decision bias tests are given before or after the associative inference 

test, then these effects are consistent with integrative encoding processes.   

3) If there is no link at all between recombination during retrieval and implicit decision bias 

then there should be no difference between the decision bias scores for correct and incorrect 

inference trials regardless of when the decision bias tests are given. 

 

Method 

 Participants. 24 young adults (mean age = 20.20, SD = 1.79; 16 female) were recruited via 

advertisements at Boston University and Harvard University. The procedures regarding 

recruitment, eligibility criteria, informed consent and ethical guidelines were identical to 

Experiments 1 and 2.  

Summary of the Procedure. Participants came to the lab for two sessions, separated by a 48-

hour delay. The design parameters and stimuli presented during the first session were the same in 

Experiment 3 as in Experiment 2. During the second session, Experiment 3 utilized a decision bias 

test before and after the test of directly learned (AB and BC) and associative inference trials (AC). 
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The test of directly learned and associative inference trials was the same in Experiment 3 as in 

Experiment 2. Following both sets of decision bias trials and all of the directly learned/associative 

inference trials, participants completed all of the value memory test trials for the 80 ABC triads in 

the same manner as described for Experiment 2.  

 Decision Bias Test. In accordance with previous research utilizing a similar decision bias test, 

participants were presented with 160 pairs of items that they had previously seen during the first 

session and were asked to select the “luckier” item for potential winnings at the end of the second 

session. Participants were given a short response time (2.5s) to make their choice, in order to ensure 

that they were not recalling the direct and indirect associations for both options before making 

their choice (Wimmer & Shohamy, 2012). Following each decision, participants were asked to 

rate the level of their preference for the item that they previously chose on a scale from 1 to 4 (1 = 

no preference, 4 = high preference). Participants’ responses on the preference rating were self-

paced. For items that were rewarded, high-value items were always paired with a low-value item 

of the same item type. For example, a high-value ‘A’ item was always paired with a low-value ‘A’ 

item, whereas a high-value ‘C’ item was always paired with a low-value ‘C’ item. For items that 

were previously unrewarded, items that were indirectly associated with a high-value item were 

always paired with items that were indirectly associated with a low-value item of the same item 

type. For example, if the ‘A’ item in the triad was a high-value item, the corresponding ‘C’ item 

in that triad was paired with another unrewarded ‘C’ item that was indirectly linked to a low-value 

‘A’ item. For these critical trials of interest, participants were asked to choose between two 

unrewarded ‘C’ items and thus should have no significant level of decision bias.  

 In accordance with previous research using a similar decision bias task, all trials were presented 

at random and participants completed four repetitions of each trial randomly interspersed 
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(Wimmer & Shohamy, 2012). Participants answered the decision bias questions for one half of the 

80 ABC triads before being tested on the directly learned and associative inference trials. After 

participants were tested on the directly learned and associative inference trials, they completed the 

decision bias questions for the alternate half of the 80 ABC triads. 

 

Results 

Directly Learned and Associative Inference Trials. Again, we evaluated overall accuracy 

on directly learned and associative inference trials. On average, participants were accurate on 67% 

of directly learned trials (Mdirect = 0.67, SE = 0.03; range: 0.44 to 0.86) and responded ‘neither’ on 

3% of directly learned trials (Mneither = 0.03, SE = 0.02; range: 0 to 0.33). On average, participants 

were accurate on 61% of associative inference trials (Massociative inference = 0.61, SE = 0.03; range: 

0.30 to 0.79) and responded ‘neither’ on 5% of associative inference trials (Mneither = 0.05, SE = 

0.03; range: 0 to 0.59). Importantly, memory performance for directly learned high-value pairs 

was positively correlated with performance for directly learned low-value pairs (r = 0.83, p < .001), 

again suggesting that there was not a tradeoff between learning high-value and low-value pairs. 

We found significantly longer reaction times on associative inference trials (Massociative inference = 

3638 msec, SE = 324) as compared to directly learned trials (Mdirect = 2737 msec, SE = 190), 

suggesting an additional recombination-related retrieval mechanism is elicited for inferential 

versus direct retrieval (t(23) = 5.17, p < .001, mean difference = 0.90, 95% CI = [0.54, 1.26],  d = 

1.06). Further, participants assigned significantly higher confidence ratings to their responses on 

directly learned (Mdirect = 2.78, SE = 0.06) as compared to associative inference trials (Massociative 

inference = 2.32, SE = 0.07), indicating that participants were more confident in their memory for 
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events that they had directly experienced as compared to those resulting from recombination (t(23) 

= 8.63, p < .001, mean difference = 0.47, 95% CI = [0.35, 0.58], d = 1.76).  

Decision Bias Scores. To examine the effects of flexible recombination during associative 

inference on subsequent implicit decision bias, we examined the proportion of decision bias trials 

for which the participant chose the unrewarded item that was indirectly linked to a high-value item 

as compared to a low-value item with a 2 (time: before vs. after inference retrieval) X 2 (inference: 

correct vs. incorrect inference) repeated measures ANOVA. Importantly, only trials for which 

participants correctly remembered the directly learned association were included in subsequent 

analyses. Results revealed no main effect of time, F(1,23) < 1, p > .25, ηp2 = 0.004, a main effect 

of inference, F(1,23) = 5.13, p = .03, ηp2 = 0.18, and a significant time by inference interaction, 

F(1,23) = 4.39, p = .05, ηp2 = 0.16 (see Fig. 3). Participants more frequently chose the unrewarded 

item that was indirectly linked to the high-value item after successful inference retrieval (Mafter = 

0.61, SE = 0.04) than before successful inference retrieval (Mbefore = 0.52, SE = 0.03; t(23) = 2.07, 

p = .05, mean difference = 0.09, 95% CI = [0.00, 0.18], d = 0.42). Further, participants did not 

choose the unrewarded high-value item more frequently after unsuccessful inference retrieval 

(Mafter = 0.43, SE = 0.05) than before unsuccessful inference retrieval (Mbefore = 0.50, SE = 0.04; 

t(23) = 1.09, p > .25, mean difference = -0.07, 95% CI = [-0.20, 0.06], d = 0.22). Similarly, 

participants did not choose the unrewarded high-value item more often before successful inference 

retrieval (Mcorrect = 0.52, SE = 0.03) than before unsuccessful inference retrieval (Mincorrect = 0.50, 

SE = 0.04; t(23) < 1, p > .25, mean difference = 0.02, 95% CI = [-0.09, 0.13], d = 0.07). Critically, 

participants chose the unrewarded high-value item more frequently after successful inference 

retrieval (Mcorrect = 0.61, SE = 0.04) than after unsuccessful inference retrieval (Mincorrect = 0.43, 

SE = 0.05; t(23) = 2.87, p = .009, mean difference = 0.18, 95% CI = [0.05, 0.31], d = 0.59), 
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suggesting that recombination processes underlying successful inference at retrieval can also bias 

participants choice toward unrewarded items that were indirectly tied to a high-value item (see 

Figure 1.6 and Supplemental Table 1.1 for means and raw trial numbers). 

Importantly, in order to determine whether our decision bias scores were significantly different 

from chance we conducted a one-sample t-test comparing all conditions to chance (i.e., 0.50). 

Critically, the only condition in which decision bias scores significantly differed from chance was 

after successful inference (Mcorrect = 0.61, SE = 0.04; t(23) = 2.88, p = .008, mean difference = 

0.11, 95% CI = [0.03, 0.19], d = 0.59). No significant differences from chance were found after 

unsuccessful inference (Mincorrect = 0.43, SE = 0.05; t(23) = 1.43, p = .17, mean difference = -0.07, 

95% CI = [-0.17, 0.03], d = 0.29), before successful inference (Mcorrect = 0.52, SE = 0.03; t(23) < 

1, p > .25, mean difference = 0.02, 95% CI = [-0.04, 0.07], d = 0.12) or before unsuccessful 

inference (Mincorrect = 0.50, SE = 0.04; t(23) < 1, p > .25, mean difference = -0.001, 95% CI = [-

0.09, 0.09], d = 0.007).  
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Figure 1.6. Proportion of decision bias scores in Experiment 3. Performance on the decision bias 
test was examined both before and after either successful or unsuccessful inference. Importantly, 
only trials for which participants responded correctly to directly learned trials were included in 
this analysis. Results revealed a significant time by inference interaction in Experiment 3. 
Subsequent t-tests confirm that decision bias scores selectively increased only following successful 
associative inference. Dashed red (light grey) line represents decision bias scores at chance levels 
(0.50). Error bars represent ± 1 SEM. 
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False Value Transfer to unrewarded ‘A’ and ‘C’ items. To examine the effects of flexible 

recombination mechanisms during associative inference on subsequent false value transfer across 

event boundaries, we examined the proportion of value memory questions for which the participant 

chose the correct value associated with the overlapping ‘A’ (or ‘C’) item and attributed the value 

to the currently cued unrewarded ‘C’ (or ‘A’) item with a paired samples t-test comparing trials 

for which participants got the inference correct to incorrect inference trials. Critically, the value 

memory test for Experiment 3 differs from Experiment 2 in that all of the value memory questions 

were tested after all of the directly learned and associative inference trials. Consistent with results 

from Experiment 2, participants falsely attributed value more often to the overlapping event after 

successful inference retrieval (Mcorrect = 0.28, SE = 0.02) than after unsuccessful inference retrieval 

(Mincorrect = 0.21, SE = 0.03; t(23) = 2.52, p = .019, mean difference = 0.07, 95% CI = [0.01, 0.13], 

d = 0.51), suggesting that recombination processes underlying successful inference at retrieval can 

also lead to false transfer of value to unrewarded items.  

False Value Transfer to unrewarded ‘B’ items. To examine the effects of flexible 

recombination mechanisms during associative inference on subsequent false value transfer within 

associative pairs, we examined the proportion of value memory questions for which the participant 

chose the correct value associated with the overlapping ‘A’ (or ‘C’) item and attributed the value 

to the currently cued unrewarded ‘B’ item with a paired samples t-test comparing trials for which 

participants got the inference correct to incorrect inference trials. Results revealed no significant 

difference between false value transfer scores for unrewarded ‘B’ items following successful 

inference retrieval (Mcorrect = 0.30, SE = 0.03) compared to after unsuccessful inference retrieval 

(Mincorrect = 0.25, SE = 0.03; t(23) = 1.46, p = .16, mean difference = 0.04, 95% CI = [0.02, 0.10], 

d = 0.30). 
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True Value Memory. To examine the effects of flexible recombination mechanisms during 

retrieval on subsequent true value memory, we examined correct responses on the value memory 

questions with a paired-samples t-test. Consistent with results from Experiment 2, results revealed 

no significant difference in the proportion of correct responses on the value memory test for correct 

(Mcorrect = 0.40, SE = 0.02) as compared to incorrect inference trials (Mincorrect = 0.41, SE = 0.02; 

t(23) < 1, p > .25, mean difference = 0.007, 95% CI = [-0.03, 0.05], d = 0.08). 

 

Discussion 

 The results of Experiment 3 replicate and extend the false value transfer results of Experiments 

1 and 2. Critically, results of the decision bias test from Experiment 3 support the role of 

recombination during retrieval in both successful associative inference and biasing implicit 

decisions. That is, participants’ implicit decision bias scores were significantly higher following 

correct than incorrect inference trials, but only when the decision bias test was given after the 

associative inference test during which the overlapping AB and BC associations are reactivated 

and flexibly recombined in order to infer the relationship between ‘A’ and ‘C.’ Results revealed 

no significant difference in decision bias scores for correct as compared to incorrect inference 

when the decision bias test was given before inferential retrieval. In sum, the current results support 

the role of a recombination-related retrieval mechanism in both the explicit transfer of reward-

context to a previously unrewarded item that was indirectly linked to a rewarded item 

(Experiments 1 and 2) and biasing subsequent value-based decision-making when participants are 

required to choose between two previously unrewarded items (Experiment 3).  

 

General Discussion 
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The three experiments reported here provide evidence that the same flexible retrieval 

mechanism that supports successful inferential retrieval also allows for the systematic updating of 

reward-contexts that bias novel value-based decisions. Experiments 1 and 2 provided evidence 

that flexible retrieval processes required for successful associative inference also produce increases 

in false value transfer scores when the value memory test is given after the test of directly learned 

and associative inference trials. Experiment 2 replicated and extended the results of Experiment 1 

by providing evidence that the specific value (i.e., high- and low-value) associated with an item is 

more frequently transferred to an overlapping non-valued item only following successful 

inference. The results of Experiment 3 extend those of Experiments 1 and 2 by providing evidence 

that recombination-related retrieval processes underlying successful inference also contribute to 

the implicit biasing of participants’ future decisions when they are asked to choose between two 

previously unrewarded items that were indirectly tied to rewarded items of differing value (i.e., 

indirectly associated with a high- or low-value item). Thus, whereas Experiment 1 showed that 

general reward-context (i.e., valued vs. no-value) can be falsely transferred and biases novel 

decisions following successful inference as compared to unsuccessful inference, Experiments 2 

and 3 provide evidence that these effects can also occur for a specific reward-context (i.e., high- 

vs. low-value reward). That is, only following successful inference, participants more frequently 

transferred the specific reward-context from the rewarded item to the unrewarded item (e.g., high-

value ‘A’ item results in an unrewarded ‘C’ item as being remembered as a high-value ‘C’ item; 

Experiment 2). Further, when choosing between two unrewarded items where one is indirectly 

linked to a high-value item and the other is indirectly linked to a low-value item (Experiment 3), 

participants more frequently chose the unrewarded item that was indirectly linked to a high-value 

item following successful inference than unsuccessful inference.  
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These data provide direct experimental support for the idea that a mechanism that flexibly 

retrieves and recombines elements from distinct events in order to make novel connections that 

have not been directly experienced also supports the biased updating of specific value 

representations across distinct contexts, particularly when the original events have only been 

experienced once. More generally, our results add to the growing evidence supporting the role of 

episodic memory processes in novel value-based decision-making (Murty et al., 2016; Palombo, 

Keane &Verfaellie, 2015; Schacter et al., 2015; Shohamy & Daw, 2015; Wimmer & Büchel, 2016; 

Wolosin, Zeithamova, & Preston, 2012, 2013). 

 

Flexible Retrieval and Integrative Encoding 

As noted in the Introduction, previous research suggests that both integrative encoding 

processes and flexible recombination mechanisms during retrieval play a role in successful 

associative inference (Shohamy & Wagner, 2008; Zeithamova & Preston, 2010). If integrative 

encoding is responsible for false value transfer or biased value-based decision-making in our 

current paradigm, then there should be higher false value transfer and decision bias scores for 

successful than unsuccessful inferential retrieval before the associative inference test; however, 

our results revealed such effects only when the value memory and decision bias tests were given 

after the associative inference test. Previous research identifying the role of integration during 

encoding on successful associative inference has focused on instances where participants are able 

to learn the associations over multiple repetitions, thus providing participants with more 

opportunities to bind the overlapping AB and BC associations during the encoding phase 

(Shohamy & Wagner, 2008; Zeithamova, Dominick & Preston, 2012). Critically, our paradigm 

utilizes single-trial learning that targets flexible recombination mechanisms during successful 
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inferential retrieval (Carpenter & Schacter, 2017). While our results provide evidence for the link 

between recombination-related retrieval mechanisms and subsequent false value transfer and 

decision bias, they do not rule out a similar link to integrative encoding under different 

experimental conditions that more strongly target integrative encoding processes. Thus, it is 

possible that under conditions where associations (AB and BC) are learned over multiple 

repetitions during the encoding phase, integrative encoding may contribute to the type of false 

value transfer across distinct events and value-based decision bias that we observed here.  

Moreover, even under the current set of experimental conditions, it is theoretically possible 

that integrative encoding contributes to, and is perhaps even necessary for, increased false value 

transfer and decision bias for successful associative inference. By this view, false value transfer 

and decision bias scores are increased for successful vs. unsuccessful inferences only after the 

inference test is given because the inference test serves to remind participants of a novel connection 

previously established via integrative encoding; increased false value transfer and decision bias 

for successful inference are not observed prior to the inference test because participants “forget” 

the across-episode link established by integrative encoding and require a test-based reminder to 

retrieve that link.  It is well known that test trials can serve as powerful promoters of encoding and 

subsequent retention (Karpicke, 2012; Roediger & Karpicke, 2006), and we believe that our 

findings can be viewed as another example of a kind of “testing effect”. However, it is unclear 

why participants would forget the across-episode link established by integrative encoding and 

require a reminder of it during testing. Thus, while we cannot rule out that integrative encoding 

played some role in our key findings, we believe that our proposal that flexible recombination 

during the associative inference test produces the observed false value transfer and decision bias 

effects is more parsimonious than an account that seeks to attribute the effects to a combination of 
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integrative encoding and test-based reminding. Even though this issue cannot be settled 

definitively, the current results highlight that successful associative inference results in a more 

integrated representation, and that a byproduct of this flexible integration or recombination is that 

elements of one event may be mistakenly bound to the overlapping event. This is true whether 1) 

integration occurs during encoding and is further strengthened by the retrieval of the integrated 

representation, or 2) the recombination occurs specifically during retrieval. Nonetheless, future 

research should attempt to examine the role of integrative encoding mechanisms on both 

subsequent false value transfer and value-based decision-making.  

More generally, in line with arguments made by Carpenter and Schacter (2017), we do not 

think that the present results should be conceived within a simple encoding-retrieval dichotomy. 

Memory researchers have known for decades that encoding processes involve retrieval and vice 

versa (e.g., Brainerd, Howe, & Desrochers, 1982; Howe, 1988; Schacter, 2001a). Thus, in the 

present paradigm integrative encoding requires some amount of retrieval (i.e., during study of BC, 

participants retrieve an overlapping AB pair in order to encode an integrated ABC representation), 

and flexible retrieval results in some degree of encoding that produces subsequent false value 

transfer and decision bias.  Still, our data reveal clear differences in patterns of false value transfer 

and decision bias before and after the associative inference test. 

 

Implications for Reward-Related Learning 

Although we are not aware of any prior studies that have specifically linked successful 

associative inference with false value transfer and value-based decision-making, as noted earlier 

previous research has shown that specific reward-contexts can affect the value attributed to 

unrewarded items that were previously tied to the rewarded item (Wimmer & Shohamy, 2012). 
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Importantly, there are several differences between the current experiments and previous research 

by Wimmer and Shohamy (2012). Namely, past research required participants to learn the direct 

relationships between two items implicitly over many repeated trials, and thus they were not 

required to recombine elements in order to infer the relationship between two distinct episodes 

(Wimmer & Shohamy, 2012). By contrast, in the current experiments, participants were only 

exposed to the paired items once and were explicitly told to learn both the reward-context (i.e., no-

value, low-value or high-value) and the direct relationship between two simultaneously presented 

items (AB or BC). Further, in our experiments, participants were aware that they would be tested 

on the indirect relationship between ‘A’ and ‘C’, which required them to infer the relationship 

between the two overlapping yet distinct episodes. Thus, while results from Wimmer and Shohamy 

(2012) provide strong support for an additional mechanism that is responsible for the updating of 

value representations during the learning phase, thus bypassing the need for effortful 

recombination at the time of retrieval or decision (for review see Shohamy & Daw, 2015), the 

current experiments more specifically target the role of a recombination-related retrieval 

mechanism on subsequent reward-context memory and value-based decision-making.  

Accordingly, although our results do not indicate generalization or spreading of the reward-context 

across items in the ABC triad during encoding, they do not preclude the possibility that similar 

patterns of reward-context spreading within and potentially across overlapping associations would 

emerge under experimental conditions more similar to those used by Wimmer and Shohamy 

(2012) (i.e., utilizing an implicit encoding paradigm and targeting integrative encoding 

mechanisms across multiple repetitions). It is likely that the explicit encoding instructions and 

single-trial learning conditions used here are not sufficient to support such generalized spreading 
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of reward-contexts because participants are not given multiple opportunities to strongly bind the 

item and its associate to the specific reward-context. 

How does successful inferential retrieval both support the transfer of reward-context across 

event boundaries and bias novel value-based decisions? We suggest that the pattern of results 

found here reflects the operation of two distinct mechanisms: reward-related learning (Murty et 

al., 2016; Wimmer & Büchel, 2016; Wimmer & Shohamy, 2012; Wolosin, Zeithamova & Preston, 

2012, 2013) and flexible recombination-related retrieval processes (Carpenter & Schacter, 2017; 

Hupbach, Gomez, Hardt, & Nadel, 2007; Schacter & Addis, 2007a, 2007b; St. Jacques & Schacter, 

2013). Reward-related learning processes allow one to encode the relationship between a specific 

reward-context and a currently cued item, thereby linking a specific item to its potential future 

value (Murty et al., 2016; Wimmer & Büchel, 2016; Wimmer & Shohamy, 2012; Wolosin, 

Zeithamova & Preston, 2012, 2013). Thus, representations of previously experienced events 

include the specific information identifying the reward-context in which the information was 

encoded, which affects subsequent value-based decision-making. That is, participants are more 

likely to choose an option if it was previously associated (either directly or indirectly) with a 

positive outcome (Murty et al., 2016; Wimmer & Büchel, 2016; Wimmer & Shohamy, 2012). 

Further, previous research suggests that the reward-context tied to a previously learned item can 

spread to an associated item, indirectly linking the unrewarded associate to the reward-context 

itself (Wimmer & Shohamy, 2012). Thus, reward-related learning mechanisms may allow for the 

generalization or spreading of value within associative pairs (Wimmer & Shohamy, 2012; for a 

discussion of how this spreading of value affects memory see Loh, Deacon, de Boer, Dolan & 

Duzel, 2016).  
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However, reward-related learning and the generalization of reward-context within associative 

pairs alone cannot account for the key findings of our experiments – that increased false value 

transfer and implicit decision bias scores were observed for correct inference trials, but only when 

the value memory and decision bias tests were given after the associative inference tests. In order 

for reward-contexts to be transferred across distinct event boundaries, our results implicate 

retrieval-mediated recombination processes where elements of both overlapping events (i.e., AB 

and BC) are reactivated and recombined in order to link items ‘A’ and ‘C’ based on their shared 

relationship with item ‘B.’ That is, when people make the correct inference about the relationship 

between elements from overlapping yet distinct episodes (i.e., AC), they may more fully bind the 

reward-context associated with item ‘A’ to their representation of the unrewarded item ‘C.’ Thus, 

previously unrewarded items may gain a positive value simply by way of co-activating and 

recombining elements of previously distinct experiences (for a similar mechanistic account see 

Carpenter & Schacter, 2017, and see Bridge & Voss, 2014a, 2014b, for additional discussion of 

cross-episode binding and memory distortion). These findings fit well with previous research 

showing that reactivating and recombining elements of distinct past events in order to simulate 

possible future experiences allows one to link the prospective scenario to experienced past and 

expected future rewards (Benoit, Gilbert & Burgess, 2011; Benoit et al., 2014; Schacter, et al., 

2015). From this perspective, in our experimental paradigm false value transfer and value-based 

decision bias arise when overlapping AB and BC relationships (along with their specific reward-

context) are reactivated and flexibly recombined in order to encode the novel inference between 

the previously unrelated ‘A’ and ‘C’ items. Consistent with our current results, findings from 

Benoit et al. (2014) suggest that integrating elements from distinct autobiographical memories in 

order to imagine a possible future event allows one to process the affective quality of the future 
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episode. Therefore, previous evidence supports the ideas that 1) reward-contexts can transfer 

affective value within previously learned associations and 2) simulating potential future episodes 

allows one to link elements of the simulated future episode to a previously experienced reward. 

The present studies add to these findings by providing novel evidence that the same flexible 

recombination mechanisms that support the ability to link together elements from two distinct 

events, such as associative inference, also increases false value transfer of a specific reward-

context to a previously unrewarded item and further biases novel value-based decision-making.  

 

Additional Implications  

While all three experiments reported here focus on recombination-related retrieval processes 

that occurred during the associative inference test for successful inference (AC) trials, participants 

were also tested for AB and BC items that did appear together previously. Thus, it is possible that 

the increases in false value transfer and decision bias scores are linked to retrieval of directly 

learned associations. However, two key features of our data speak strongly against this possibility. 

First, if retrieval of directly learned associations were responsible for the increase in false value 

transfer and decision bias scores, then scores after the associative inference test should have been 

similar for both successful and unsuccessful inferential retrieval. Second, if testing of directly 

learned pairs were responsible for the increase in false value transfer and decision bias scores after 

as compared to before the associative inference test, then these effects should have been found for 

unsuccessful inference trials because only triads for which participants were able to remember the 

directly learned associations were included in the subsequent analyses. Importantly, in neither 

experiment did we find significant differences in false value transfer or decision bias scores before 

as compared to after unsuccessful inferential retrieval. Moreover, our previous research (Carpenter 
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& Schacter, 2017, Experiment 4) experimentally assessed the effects of testing directly learned 

associations on subsequent recombination-related source memory errors by testing the directly 

learned associations only after both sets of detail and source monitoring questions were completed. 

We still found an increase in source memory errors only after successful inferential retrieval, 

thereby providing evidence that testing of directly learned pairs during the associative inference 

test was not responsible for the increase in source memory errors. In sum, in view of the 

aforementioned evidence from the present experiments as well as our earlier work, it is highly 

unlikely that the current results linking successful inferential retrieval to false value transfer and 

decision bias are attributable to direct retrieval of previously studied pairs.  

Throughout the current set of experiments, we have proposed that flexible recombination 

during retrieval both supports successful inference and allows for the systematic updating of value 

representations that further bias novel value-based choice. Neuroimaging studies have implicated 

the hippocampus in flexible retrieval processes that support associative inference (e.g., 

Zeithamova & Preston, 2010) and constructing episodic simulations of hypothetical events based 

on recombining elements of past experiences (for a recent review, see Schacter, Addis, & Szpunar, 

2017). In addition, neuroimaging evidence also links the hippocampus with the retrieval of the 

specific reward-context in which the information was originally learned, specifically when its 

activity is coupled with reward-related regions such as the ventral tegmental area and the nucleus 

accumbens (Wolosin et al., 2012, 2013). However, it is not currently known what role, if any, the 

hippocampus or reward-related regions play in the kinds of recombination-related false memories 

and false preferences documented here. Future research should attempt to delineate the 

contributions of the hippocampus and reward-related regions in recombination-related retrieval 

processes that support the systematic updating of value representations in memory.  
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Finally, it should be noted that the current experiments add to the growing body of evidence 

conceptualizing various kinds of memory errors and distortions as products of adaptive cognitive 

processes (cf., Bridge & Voss, 2014a; Howe, Wilkinson, Garner, & Ball, 2016; Hupbach et al., 

2007; Lew & Howe, 2017; Schacter, 2001b; Schacter, Guerin, & St. Jacques, 2011; St. Jacques et 

al., 2013).  Here we have extended the range of such distortions to the domain of value-based 

decision-making. Although we have provided novel evidence linking such adaptive processes as 

retrieval-related recombination and associative inference with false value transfer and implicit 

decision bias, we should point out that similar adaptive constructive processes (Schacter, 2012) 

played an important role in classic studies of judgment and decision-making by Tversky and 

Kahneman (1974). They had the important insight that memory-based heuristics that people 

commonly use under conditions of uncertainty “are quite useful, but sometimes they lead to severe 

and systematic errors” (1974, p. 1174). We believe that further investigations of the relations 

among flexible episodic retrieval processes, memory errors and biases, and value-based decision-

making are likely to yield important new insights into the nature of constructive memory and 

cognition.  

 

Context of the Research   

Over the past decade there has been a large influx of literature that examines how memory-

based processes affect the value associated with a specific event (or related events) and further 

how these memory mechanisms bias participants’ future choices. The ideas for the current set of 

experiments originated as an extension of the authors’ previous work evaluating the role of 

recombination during retrieval on subsequent source memory errors, where contextual details of 

one event are mistakenly bound to an overlapping event following successful inferential retrieval 
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(Carpenter & Schacter, 2017). The current set of three experiments evaluate whether the reward-

context associated with a single event may similarly be mistakenly bound to an overlapping event 

following successful inferential retrieval. The findings of the current experiments in concert with 

the authors’ past work fit within a broader research program evaluating the flexibility of the 

episodic memory system and further how such adaptive constructive processes may result in 

memory error as an unintended consequence. The authors plan to extend the current work by 

utilizing neuroimaging (fMRI) techniques to evaluate the neural correlates associated with 

associative inference and false memory. Additionally, the authors plan to utilize the current 

paradigm to examine age-related changes in associative inference and subsequent biases in future 

value-based decisions. 
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Abstract 

Episodic memory involves flexible retrieval processes that allow a person to link elements of 

distinct episodes in order to make novel inferences across events. In younger adults, we recently 

found that the same retrieval-related recombination mechanism that supports successful 

associative inference produces source misattributions as a consequence of erroneous binding of 

contextual elements from distinct episodes. In the current experiment, we found that older adults, 

in contrast to younger adults, did not show an increase in source misattributions following 

successful associative inference. We observed this pattern both when (a) younger and older adults 

were tested under identical experimental conditions and (b) younger and older adults were matched 

on associative inference accuracy and overall source memory errors. We suggest that the differing 

patterns of results are a consequence of age-related deficits in associative binding during successful 

inferential retrieval.  
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Age-related deficits in associative binding are well established across a range of tasks and 

conditions (e.g., Castel & Craik, 2003; Cohn, Emrich, & Moscovitch, 2008; Old & Naveh-

Benjamin, 2008; Smyth & Naveh-Benjamin, 2016). For example, older adults compared to 

younger adults are just as able to remember colors and objects that they had previously learned but 

perform poorly when they are required to bind those two pieces of information together. That is, 

when older adults were tested on the color in which the target object had appeared during the study 

phase, older adults performed worse compared to younger adults (Chalfonte & Johnson, 1996). 

These results suggest that older adults have special difficulty binding pieces of information into 

complex memories. Age-related difficulties in associative binding are thought to reflect older 

adults’ inability to form and retrieve links among single bits of information. A meta- analysis of 

age-related associative deficits (Old & Naveh-Benjamin, 2008) suggests that this deficit applies to 

memory for two bound items (e.g., face–name pairs; Naveh-Benjamin, Guez, Kilb, & Reedy, 

2004), in addition to memory for source (e.g., which of two speakers presented a fact; Schacter, 

Kaszniak, Kihlstrom, & Valdiserri, 1991), context (e.g., the font that a word was presented in; 

Kausler & Puckett, 1980), temporal order (e.g., which word was presented first; Newman, Allen, 

& Kaszniak, 2001), and location information (e.g., where on the screen an item was presented; 

Bastin & Van der Linden, 2006).  

Such age-related deficits are also relevant to situations in which people need to recombine bits 

of stored information to construct novel representations. For example, older adults typically 

construct less detailed representations of novel future events than do younger adults (for review, 

see Schacter, Gaesser, & Addis, 2013), and this age-related reduction has been attributed, in part, 

to problems recombining different kinds of episodic details into a cohesive imagined event (e.g., 

Addis, Musicaro, Pan, & Schacter, 2010).  
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According to the constructive episodic simulation hypothesis (Schacter & Addis, 2007a, 

2007b), the ability to flexibly recombine episodic details into a novel event representation is an 

adaptive process that depends on relational or associative processing abilities but can also result 

in memory errors when elements of past experiences are mistakenly combined. In recent 

experiments with younger adults, Carpenter and Schacter (2017) tested this idea using an adapted 

version of an associative inference task established by Preston and colleagues (e.g., Zeithamova 

& Preston, 2010). Associative inference allows individuals to link together information acquired 

in distinct episodes in order to make novel connections that they have not directly experienced. In 

our procedure, participants initially studied scenes that included AB pairs (e.g., person A and toy 

B in a room with a white couch) and then studied scenes comprised of BC pairs (e.g., toy B and a 

different person C in a room with a brown couch; see Figure 2.1). After a delay, participants were 

tested on the directly learned associations (AB, BC) and were also given an associative inference 

test for novel combinations, not previously presented together, that were linked via the shared B 

item (AC).  

To determine whether recombination processes underlying successful inference contributed to 

memory errors, we probed memory for contextual details from both the AB and BC scenes (e.g., 

What color was the couch?), along with source memory (In which set of images do you remember 

seeing this information?). For one half of the AB and BC scenes, detail–source memory tests were 

given before the test of direct (AB, BC) and indirect (AC) associations, and for the other half, the 

detail–source memory tests were given after the test of direct and indirect associations. For the 

detail–source test, a true memory was defined as a response in which the participants both chose 

the correct item and attributed the source of their memory correctly (e.g., white couch attributed 

to AB scene), whereas a false memory was defined as a response for which participants both chose 
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the misinformation item from the overlapping image (BC) and misattributed its source to the 

currently cued image (e.g., brown couch attributed to AB scene; see Figure 2.1).  

In each of four experiments, participants made more source memory errors for items from 

triads for which they made correct compared to incorrect associative inferences, but this increase 

occurred only when the detail–source test was given after the associative inference test; there was 

no difference in source memory errors as a function of correct versus incorrect inferences when 

the detail–source test was given before the associative inference test. We argued that this pattern 

of results indicates that the same flexible recombination process that produces successful 

associative inferences also produces false memories as a consequence of erroneous binding of 

elements from distinct episodes (Carpenter & Schacter, 2017).  

In the present experiment, we asked whether this same pattern of results is observed in older 

adults. Numerous previous experiments have established that older adults are frequently more 

prone than younger adults to various kinds of false memory effects involving source 

misattributions (for a recent review, see Devitt & Schacter, 2016). Poor associative binding of item 

information to its respective context or source has been linked to increased susceptibility to false 

memories in older adults, where details of one event are misremembered as having come from 

another event (Fandakova, Shing, & Lindenberger, 2013; Lyle, Bloise, & Johnson, 2006) and 

further may explain why susceptibility to source memory errors typically increases with age 

(Wylie et al., 2014). For example, when participants were asked to simulate counterfactual 

scenarios of past events, older adults compared to younger adults were more likely to mistake the 

counterfactual simulation for the original event (Gerlach, Dornblaser, & Schacter, 2014). That is, 

older adults showed a reduction in binding perceptual and contextual features that were useful in 

determining the source of an experience, such that experiences from different sources (e.g., 
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memory for the original event compared to simulation) were more similar in quality (Gerlach et 

al., 2014).  

As a result, specific details from one context or source (e.g., simulated counterfactual) may 

also be misattributed to an incorrect source (e.g., memory for the original event). In line with this 

idea, past research has suggested that if contextual information informing the source of the original 

or contradictory misinformation details is not fully bound with the appropriate memory 

representation, there is a greater likelihood that the misinformation detail will be falsely attributed 

to the incorrect source, in this case, participants’ memory of the original event (Cohen & Faulkner, 

1989; Dodson & Krueger, 2006; Dodson, Powers, & Lytell, 2015). For example, when participants 

viewed a vignette depicting a robbery during which a necklace was stolen but were later 

misinformed that the item stolen was a ring, older adults were more likely than younger adults to 

remember seeing a ring stolen in the original event (Cohen & Faulkner, 1989; Dodson & Krueger, 

2006; Dodson et al., 2015). Thus, one possibility is that older adults would be even more prone 

than younger adults to false memories resulting from successful associative inference due to an 

age-related reduction in the binding of contextual information (e.g., the color of the couch) to its 

correct source (i.e., the first or second set of images). As a result, in the current experiment older 

adults may be more likely to misattribute information, such as the color of the couch, from the AB 

image to their memory of the BC image once these two events are related following successful 

associative inference.  

On the other hand, given extensive evidence of age-related decreases in associative binding 

(Old & Naveh-Benjamin, 2008; Smyth & Naveh-Benjamin, 2016), it is possible that when older 

adults make correct associative inferences, they do not reactivate and bind elements of distinct 

episodes as fully as do younger adults and thus would exhibit relatively fewer false memories after 
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successful associative inference. This idea is consistent with recent findings suggesting that older 

adults show a reduced capacity to update memory in response to new information (Attali & Dalla 

Barba, 2013; St. Jacques, Montgomery, & Schacter, 2015). In the current associative inference 

paradigm, deficits in cross-episode associative binding and memory updating may actually prevent 

the formation of false memories following successful inference. That is, if older adults are able to 

infer the relationship between A and C via their shared association with B but do not spontaneously 

(a) reactivate the contextual details associated with events AB and BC in as much detail as do 

younger adults or (b) update their memory representation by fully binding items A, B, and C across 

episodes to form an integrated ABC event representation, older adults may be less likely than 

younger adults to incorrectly bind contextual elements from event AB to their memory for event 

BC.  

We tested these competing hypotheses by comparing the performance of older and younger 

adults in two different ways: (a) under identical experimental conditions (i.e., a 24-hr study–test 

delay for both groups) and (b) under conditions in which the levels of associative inference 

performance and overall source memory errors were equated in younger and older adults by testing 

younger adults at a longer delay (48-hr). The latter comparison was needed because when younger 

and older were tested under identical conditions, older adults showed lower overall levels of 

associative inference and source memory performance than did younger adults, thus potentially 

complicating the interpretation of the critical inference-dependent false memory results.  

Results of the current experiment support the second of the two hypotheses just outlined. That 

is, younger adults showed a significant increase in false memories only following successful 

associative inference, whereas older adults showed no significant differences in false memories 
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for successful compared to unsuccessful inference even when older adults’ overall source memory 

errors and associative inference performance were matched to those of younger adults.  

 

Method 

 Participants. A power analysis (Faul, Erdfelder, Lang, & Buchner, 2007) based on effect sizes 

from our previous related work (Carpenter & Schacter, 2017) for the key predicted effect of interest 

revealed that a sample size of 20 would provide the ability to detect an effect on false memories 

after versus before successful inference conditions with power of  > .80. Thus, we aimed for a 

sample of 24 usable participants for each group. Twenty-five older adults were recruited from 

newspaper advertisements and community centers in the Boston area. All had normal vision and 

no history of neurological impairment. They gave informed consent, were treated in accordance 

with guidelines approved by the ethics committee at Harvard University, and were paid for 

completing the study. One older adult was excluded from all analyses due to low performance on 

the associative inference test (12.5% correct), which provided an insufficient number of detail–

source trials to compare before and after successful inference; thus, our final older adults sample 

consisted of 24 participants (mean age = 73.8, SD = 6.67, range = 65–85; 16 female). The older 

adults were also screened with a neuropsychological battery prior to participating in the study and 

were considered cognitively healthy (scores of 25–30 [M = 29.54, SD = .66] on the Mini-Mental 

Status Examination; Folstein, Folstein & McHugh, 1975).  

The first comparison group of 29 younger adults, tested at a 24-hr study–test delay, were 

recruited via advertisements at Boston University and Harvard University. All had normal vision 

and no history of neurological impairment. They gave informed consent and were treated in 

accordance with guidelines approved by the ethics committee at Harvard University and received 
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either course credit or payment for completing the study. Three participants were excluded from 

all analyses due to extremely high performance on the associative inference trials (above 91% 

correct), which provided an insufficient number of triads where the participants correctly recalled 

the directly learned associations and incorrectly inferred the relationship between the A and C 

items, thereby precluding any meaningful comparisons of successful to unsuccessful inference 

both before and after inferential retrieval. One participant was excluded due to low performance 

on the associative inference trials (29.17%), which provided an insufficient number of successful 

inference triads both before and after inferential retrieval. Last, one participant was excluded due 

to technical difficulties during the second session (i.e., unplugged the computer prior to completing 

the task). Thus, our final younger adults sample, tested at a 24-hr delay, consisted of 24 usable 

participants (mean age = 19.3, SD = 1.46, range = 18–24; 10 female). Older adults had on average 

completed more years of education (M = 16.41, SD = 2.02) than had younger adults (M = 13.36, 

SD = 1.32).  

The second comparison group of 25 younger adults, tested at a 48-hr study–test delay, was 

reported in Experiment 2 of a previous article (mean age = 20, SD = 1.93, range = 18–24; 14 

female; Carpenter & Schacter, 2017). One younger adult was excluded from all analyses for having 

prior experience with several of the task stimuli; thus, our final younger adults sample consisted 

of 24 participants. Older adults had on average completed more years of education (M = 16.41, SD 

= 2.02) than had younger adults (M = 14.16, SD = 1.91). Data from both younger adults groups 

and the older adults group were collected by the same experimenter (Alexis C. Carpenter), utilizing 

the identical stimuli, experimental design, and instructions to participants.  

Stimuli and Design. The current experiment required two experimental sessions separated by 

a 24-hr (older adults and younger adults) or 48-hr (younger adults) delay that were executed on an 
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Apple desktop computer using PsychoPy2 (v1.80.03; Peirce, 2007). During the first session, 

participants viewed 72 still color images depicting everyday life events (e.g., walking to work). 

Color images of common objects (e.g., toy truck) and individuals were superimposed on outdoor 

and indoor scenes. Overlapping AB and BC pairs (24 AB pairs, 24 BC pairs; 24 total ABC triads) 

were constructed such that two individuals (A and C) shared an association with an overlapping 

object (B; i.e., one ABC triad). Twenty-four nonoverlapping XY pairs were constructed of unique 

individual–object pairs that did not share an overlapping association with other pairings. Each 

image was randomly presented for 10s within each encoding block (i.e., AB encoding: 24 AB, 12 

XY; BC encoding: 24 BC, 12 XY). Participants were instructed to learn the direct associations 

(i.e., AB, BC), the indirect associations (i.e., AC), and the contextual information presented; 

participants were aware that their memory for this information would be tested during the second 

session.  

In the second session, participants completed two sets of detail and source-monitoring 

questions (10 questions per ABC triad), which were separated by a test for the directly learned and 

associative inference trials. Detail questions were directly related to background details that were 

present but contradictory in the AB and BC scenes (see Figure 2.1). A cutout of the cue individual 

(i.e., either A or C) was presented to the right of each detail question in order to indicate which 

scene the question was referring to (see Figure 2.1). Critically, the detail questions did not 

reference the overlapping B item. For each detail question, participants were given three options: 

the correct item, a misinformation item, and an unrelated foil item. The misinformation item 

consisted of contradictory information from the overlapping image in the triad (e.g., if the detail 

question were related to the AB image, the misinformation item would be a contradicting detail 

from the BC image, such as a brown couch when a white couch had appeared in the AB image). 
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Foil items were details that were not presented in either of the overlapping images (e.g., gray 

couch). Following each detail question, participants indicated where they remembered seeing this 

contextual detail (i.e., the source of the information; see Figure 2.1). Participants were given four 

possible answer choices: (1) the first set of images—AB, (2) the second set of images—BC, (3) 

both sets of images, or (4) unsure. Immediately following participants’ source-monitoring 

response, they were asked to rate their confidence in their response on a scale ranging from 1 (very 

unsure) to 4 (very sure). The presentation order of each detail–source question was randomized 

for each participant, and the questions were self-paced.  
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Figure 2.1. Illustration of materials, stimuli, and test displays. The Session 1 section shows one 
example of an AB image in which the man is item ‘A’ and the toy truck is item ‘B’ and the 
corresponding BC image in which the boy is item ‘C.’ The Session 2 section shows one example 
of a detail and source monitoring question linked to the example AB image. For each detail 
question, participants saw a cutout of the ‘A’ or ‘C’ individual presented to the right of the question 
in order to indicate to which event the question referred. False memories occurred when 
participants chose both the misinformation detail (e.g., brown couch) during the detail question 
and attributed the misinformation detail incorrectly to either the original event or both events – as 
indicated by the red (dark) circles. True memories occurred when participants both chose the 
correct detail during the detail question (e.g., white couch) and attributed the correct detail 
correctly to the original event – as indicated by the green (light) circles. Other example detail 
questions for this ABC triad included: Where were the stairs located?; What color were the walls 
in the room?; What was this individual sitting/standing on?; What was hanging on the wall directly 
behind this individual?; etc. Importantly, all of these questions relate to two contradictory details 
from images AB and BC (e.g., stairs directly behind vs. to the far left; yellow vs. white walls; 
wood floors vs. carpet; potted plants vs. picture frames; etc.). For the directly learned and 
associative inference questions, the green (light) circles indicate the correct answer. Participants 
saw these questions without the red (dark) and green (light) circles. Figure 2.1 is reprinted from 
Carpenter, A.C. & Schacter, D.L. (2017). Flexible retrieval: When true inferences produce false 
memories. Journal of Experimental Psychology: Learning, Memory & Cognition, 43(3), 335-349. 
Reprinted with permission of the American Psychological Association.  

Session 1:
AB Encoding BC Encoding

Session 2:

Fig. 1 - Overview of Experimental Procedure

Detail Source Monitoring

Associative Inference Directly Learned

What color was the couch? Where do you remember seeing this 
information?

A) Brown


B) White


C) Grey

A) I remember it from the first 
set of images


B) I remember it from the 
second set of images


C) I remember it from both sets 
of images


D) I am unsure where I 
remember this from


2121
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Following the first half of the detail and source questions, participants were tested on the 

directly learned (AB and BC) and associative inference (AC) trials. During each directly learned 

trial, a single cue individual (e.g., an A or C individual) was presented at the top of the screen and 

two choice objects were presented at the bottom of the screen (e.g., two B objects from different 

ABC triads; see Figure 2.1). On the associative inference trials, a cue individual (A) was presented 

along with two individuals at the bottom of the screen (i.e., the correct C individual from the 

currently cued ABC triad and a lure C individual from another triad). Participants were instructed 

on associative inference trials that the association between the cue (A) and the correct choice (C) 

was indirect, mediated through an object (B) that shared an association with both the cue and the 

correct choice during encoding. Participants were additionally able to respond neither when they 

believed that neither of the two answer choices were in any way related to the cue individual (i.e., 

chance of 33%). The presentation order of the trials was randomized, with the only constraint being 

that associative inference trials were shown before their corresponding AB and BC directly learned 

trials. Doing so ensured that participants were not able to form an association between A and C 

individuals during test based solely on the co-occurrence of answer options presented on the 

corresponding directly learned trials. Following each of the directly learned and associative 

inference trials, participants rated their confidence on a 4-point scale ranging from 1 (very unsure) 

to 4 (very sure).  

 

Results 

We consider first the results based on comparing older adults and younger adults who were 

matched on study–test delay and then turn to the results based on comparing older and younger 
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adults matched on level of associative inference performance and overall source memory errors 

by using different study–test delays.  

 

Matched Study–Test Delay  

Directly learned and associative inference trials. We evaluated overall accuracy on directly 

learned and associative inference trials for younger and older adults tested at a 24-hr delay. 

Younger adults showed higher levels of accuracy on directly learned trials (M = .81, SE = .02) 

compared to older adults (M = .59, SE = .02), t(46) = 7.12, p < .001, mean difference = .22, 95% 

confidence interval (CI) [.16, .28], d = 2.06. Additionally, younger adults showed higher levels of 

accuracy on associative inference trials (M = .71, SE = .03) compared to older adults (M = .61, SE 

= .04), t(46) = 2.34, p = .024., mean difference = .11, 95% CI [.02, .20], d = .68 (see Table 2.1).  

We conducted a 2 (target: directly learned vs. associative inference) x 2 (age: younger vs. older 

adults) repeated-measures analysis of variance (ANOVA) to evaluate participants’ reaction times 

(RTs) for directly learned and associative inference trials for older and younger adults. Results 

revealed a main effect of target, F(1, 46) = 66.49, p < .001, hp2 = .59; a main effect of age, F(1, 

46) = 131.66, p < .001, hp2 = .74; and a significant Target x Age interaction, F(1, 46) = 8.85, p = 

.005, hp2 = .16. We found, consistent with previous research (Carpenter & Schacter, 2017), 

significantly longer RTs on associative inference trials compared to directly learned trials for both 

younger (M = 5,005 ms, SE = 263; M = 3,107 ms, SE = 140), t(23) = 9.84, p < .001, mean difference 

= 1,898, 95% CI [1499, 2297], d = 2.01, and older (M = 11,933 ms, SE = 751; M = 7,855 ms, SE 

= 365), t(23) = 5.77, p < .001, mean difference = 4,078, 95% CI [2615, 5540], d = 1.18; see Table 

2.1) adults, suggesting an additional recombination-related retrieval mechanism for inferential 

versus direct retrieval.  
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Further, we conducted an identical repeated-measures ANOVA to evaluate confidence ratings 

for directly learned and associative inference trials for older and younger adults. Results revealed 

a main effect of target, F(1, 46) = 56.42, p < .001, hp2 = .55, and a main effect of age, F(1,46) = 

28, p < .001, hp2 = .38, but no Target x Age interaction, F(1, 46) < 1, p > .250, hp2 = .006. 

Consistent with findings in previous research (Carpenter & Schacter, 2017), results showed that 

participants were significantly more confident in their responses on directly learned compared to 

associative inference trials for both younger (M = 3.35, SE = .05; M = 2.96, SE = .07), t(23) = 7.77, 

p < .001, mean difference = .40, 95% CI [.29, .50], d = 1.59, and older (M = 2.68, SE = .12; M = 

2.34, SE = .11), t(23) = 4.08, p < .001, mean difference = .34, 95% CI [.17, .52], d = .83; see Table 

2.1), adults.  
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Table 2.1. Average accuracy, reaction time (msec), and confidence ratings for directly learned and 
associative inference trials for younger (24-hour and 48-hour study-test delay) and older adults 
(24-hour study-test delay). Data in parentheses are standard errors. 
 

Accuracy   Directly Learned   Associative Inference 

Younger Adults (24-hour)  0.81 (0.02)  0.71 (0.03) 
Younger Adults (48-hour)   0.69 (0.03)   0.64 (0.03) 
Older Adults (24-hour)   0.58 (0.02)   0.61 (0.04) 

Reaction Time (RT)  Directly Learned   Associative Inference 

Younger Adults (24-hour)  3107 (140)  5005 (263) 
Younger Adults (48-hour)   3052 (129)   4401 (185) 
Older Adults (24-hour)   7855 (365)   11933 (751) 

Confidence  Directly Learned   Associative Inference 

Younger Adults (24-hour)  3.35 (0.05)  2.96 (0.07) 
Younger Adults (48-hour)   3.22 (0.09)   2.83 (0.08) 
Older Adults (24-hour)   2.68 (0.12)   2.34 (0.11) 
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False memory. False memories were defined as detail questions for which the participant both 

chose the misinformation detail and attributed the misinformation detail incorrectly to either the 

currently cued image or both images in the triad. To assess the effects of recombination 

mechanisms at retrieval on subsequent source memory errors for younger and older adults, we 

examined source memory errors for the detail and source-monitoring questions with a 2 (time: 

before vs. after inference retrieval) x 2 (inference: correct vs. incorrect inference) x 2 (age: younger 

vs. older adults) repeated-measures ANOVA. It is important to note that only trials for which 

participants correctly remembered the directly learned associations were included in all subsequent 

analyses. Critically, results revealed a significant three-way Time x Inference x Age interaction, 

F(1, 46) = 4.05, p = .050, hp2 = .08 (see Figure 2.2).  
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Figure 2.2. Proportion of false memories for (A) younger adults at a 24-hour study-test delay, (B) 
younger adults at a 48-hour study-test delay (C) and older adults at a 24-hour study-test delay. 
Performance on detail and source monitoring questions was examined both before and after either 
successful or unsuccessful inference. Importantly, only trials for which participants responded 
correctly to directly learned trials were included in this analysis. Results revealed a significant 
three-way time by inference by age interaction for both of our age-related comparisons of interest. 
Subsequent t-tests confirm that false memories selectively increased for younger adults only 
following successful associative inference. No differences in false memories were found for older 
adults. Error bars represent ± 1 SEM. 
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To characterize the three-way interaction effects, we conducted two 2 (time: before vs. after 

inference) x 2 (inference: correct vs. incorrect inference) repeated-measures ANOVAs for younger 

and older adults separately (see Table 2.2 for raw trial numbers). Results from younger adults 

revealed a significant time by inference interaction, F(1, 23) = 4.85, p = .038, hp2 = .17. Younger 

adults falsely attributed more details to the overlapping event after successful inference retrieval 

(M = .31, SE = .02) than before successful inference retrieval (M = .25, SE = .01), t(23) = 2.42, p 

= .024, mean difference = .06, 95% CI [.01, .11], d = .49. Further, younger adults did not falsely 

attribute more details to the overlapping event after unsuccessful inference retrieval (M = .22, SE 

= .02) than before unsuccessful inference retrieval (M = .25, SE = .02), t(23) < 1, p > .250, mean 

difference = -.03, 95% CI [-.10, .04], d = .20. Younger adults did not falsely attribute more details 

to the overlapping event before successful inference retrieval (M = .25, SE = .01) than before 

unsuccessful inference retrieval (M = .25, SE = .02), t(23) < 1, p > .250, mean difference = .003, 

95% CI [-.06, .05], d = .02. Critically, younger adults falsely attributed more details to the 

overlapping event after successful inference retrieval (M = .31, SE = .02) than after unsuccessful 

inference retrieval (M = .22, SE = .02), t(23) = 2.74, p = .012, mean difference = .09, 95% CI [.02, 

.15], d = .56, suggesting that recombination during retrieval required for successful inference is 

linked to source memory errors.  
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Table 2.2. Average raw number of trials from the detail and source monitoring questions that 
contributed to the proportion of false memories for younger (24-hour and 48-hour study-test delay) 
and older adults (24-hour study-test delay); reaction time data for trials that contributed to the 
proportion of false memories (msec); and participants’ confidence ratings (1=very unsure, 4=very 
sure) for trials that contributed to the proportion of false memories. Statistics were computed based 
on un-weighted individual subject means, whereas the raw trial numbers here are averaged across 
participants. Performance on detail and source monitoring questions was examined both before 
and after either successful or unsuccessful inference. Importantly, only trials for which participants 
responded correctly on directly learned trials were included. 

                   

False Memories 
  Before Associative Inference   After Associative Inference 

  Unsuccessful Inference   Successful Inference   Unsuccessful Inference   Successful Inference 

Younger Adults  Raw False Memory Trial Number (SE) 4.04 (0.57)   18.04 (1.71)   4.83 (0.83)   17.38 (1.86) 

 (24-hour) Raw Total Trial Number (SE)   16.25 (1.89)   70.42 (4.72)   20.83 (2.33)   57.92 (5.25) 

  RT msec (SE)   7659 (717)   7892 (529)   8492 (720)   6634 (375) 

  Confidence (SE)  2.18 (0.15)  2.45(0.11)  2.21 (0.15)  2.50 (0.13) 

Younger Adults  Raw False Memory Trial Number (SE) 6.08 (0.96)   12.04 (1.81)   4.79 (0.92)   13.04 (1.60) 

(48-hour) Raw Total Trial Number (SE)   26.13 (3.10)   51.92 (5.28)   20.71 (2.65)   45.46 (4.20) 

  RT msec (SE)   6497 (1193)   5513 (685)   4693 (548)   5847 (694) 

  Confidence (SE)  2.38 (0.20)  2.34 (0.17)  2.31 (0.15)  2.28 (0.14) 

Older Adults  Raw False Memory Trial Number (SE) 4.67 (0.84)   8.46 (1.48)   4.79 (0.73)   8.46 (1.15) 

(24-hour) Raw Total Trial Number (SE)   24 (3.00)   42.04 (4.02)   20.79 (2.55)   36.50 (3.35) 

  RT msec (SE)   14277 (1105)   15510 (1278)   14150 (1603)   12798 (1226) 

  Confidence (SE)    2.15 (0.11)  2.19 (0.10)  2.15 (0.15)  2.20 (0.17) 
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Results from older adults revealed no main effect of time, F(1, 23) = 1.73, p = .202, hp2 = .07; 

no main effect of inference, F(1, 23) < 1, p > .250, hp2 = .004; and of importance, no Time x 

Inference interaction, F(1, 23) < 1, p > .250, hp2 = .004 (see Table 2.3 for means). However, when 

all detail–source questions were included (i.e., not conditionalized on successful– unsuccessful 

inference or participants’ performance on directly learned trials), older adults showed significantly 

higher rates of source memory error (M = .29, SE = .01) compared to younger adults (M = .25, SE 

= .01), t(46) = 2.21, p = .032, mean difference = .03, 95% CI [.003, .07], d = .64.  
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Table 2.3. Proportion of false, true and foil memories (SE) for younger (24-hour and 48-hour 
study-test delay) and older adults (24-hour study-test delay). Participants were given three 
response options (i.e., correct, misinformation, foil) for the detail questions and four response 
options for the source monitoring questions (i.e., first set of images, second set of images, both 
sets of images, unsure). False memories were defined as detail questions for which the participant 
both chose the misinformation detail and attributed the misinformation detail incorrectly to either 
the currently cued image or both images in the triad. True memories were defined as detail 
questions for which the participant both chose the correct detail and attributed the source of their 
memory correctly to the currently cued image. Foil memories were defined as detail questions for 
which participants chose the unrelated foil option and attributed the information to either the 
currently cued image or both images in the triad. Thus, these proportions represent only a subset 
of all possible detail and source monitoring response combinations. 

 

  

 False Memories Before Associative Inference   After Associative Inference  

 Unsuccessful Inference   Successful Inference   Unsuccessful Inference   Successful Inference  
 Younger Adults (24-hour)  0.25 (0.02)  0.25 (0.01)  0.22 (0.02)  0.31 (0.02)  
 Younger Adults (48-hour)   0.25 (0.03)  0.22 (0.02)  0.22 (0.02)  0.28 (0.02)  
 

Older Adults (24-hour)   0.20 (0.03) 
 

0.20 (0.03) 
 

0.23 (0.03) 
 

0.22 (0.03) 
 

 True Memories Before Associative Inference   After Associative Inference  

 Unsuccessful Inference   Successful Inference   Unsuccessful Inference   Successful Inference  
 Younger Adults (24-hour)  0.27 (0.04)  0.27 (0.02)  0.28 (0.03)  0.26 (0.02)  

 Younger Adults (48-hour)   0.16 (0.03)  0.18 (0.03)  0.20 (0.03)  0.21 (0.03)   
Older Adults (24-hour)   0.18 (0.04) 

 
0.16 (0.02) 

 
0.20 (0.03) 

 
0.20 (0.03) 

 

 Foil Memories Before Associative Inference   After Associative Inference  

 Unsuccessful Inference   Successful Inference   Unsuccessful Inference   Successful Inference  
 Younger Adults (24-hour)  0.15 (0.02)  0.17 (0.01)  0.22 (0.02)  0.19 (0.02)  
 Younger Adults (48-hour)   0.21 (0.03)  0.21 (0.02)  0.21 (0.02)  0.17 (0.02)  

 
Older Adults (24-hour)   0.13 (0.03)   0.12 (0.02)   0.15 (0.03)   0.14 (0.02) 
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True memory. True memories were defined as detail questions for which the participants both 

chose the correct detail and attributed the source of their memory correctly to the currently cued 

image. To assess the effects of our key manipulation on subsequent true memory for younger and 

older adults, we examined true memory for the detail and source monitoring questions with a 2 

(time: before vs. after inference retrieval) x 2 (inference: correct vs. incorrect inference) x 2 (age: 

younger vs. older adults) repeated-measures ANOVA. Results revealed a main effect of age, F(1, 

46) = 6.21, p = .016, hp2 = .12, with more true memories for younger (M = .26, SE = .02) than 

older (M = .18, SE = .03) adults; no other significant main effects or interactions were found, all 

Fs(1, 46) < 1, ps > .250, hp2 < .03 (see Table 2.3 for means).  

Foil memory. To assess whether critical patterns of source memory errors were specific to 

related items from previously studied episodes, we examined foil memories, which were defined 

as detail questions for which participants chose the unrelated foil option (e.g., gray couch) and 

attributed the information to either the currently cued image or both images in the triad. We 

conducted a 2 (time: before vs. after inference retrieval) x 2 (inference: correct vs. incorrect 

inference) x 2 (age: younger vs. older adults) repeated-measures ANOVA to evaluate participants’ 

foil memory scores. Results revealed a main effect of time, F(1, 46) = 7.13, p = .010, hp2 = .13, 

with more foil memories after (M = .18, SE = .01) compared to before (M = .15, SE = .01) the test 

of directly learned and associative inference trials. Critically, after the test of directly learned and 

associative inference trials, there was no significant difference in the proportion of foil memories 

following successful (M = .17, SE = .01) compared to unsuccessful (M = .19, SE = .02), t(47) = 

1.24, p = .22, mean difference = .02, 95% CI [-.01, .05], d = .18, inference. There was a trend 

toward a main effect of age, F(1, 46) = 3.86, p = .06, hp2 = .08, with marginally more foil memories 

for younger adults (M = .18, SE = .01) than older adults (M = .14, SE = .02); no other significant 
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main effects or interactions were found, all Fs(1, 46) < 1.65, ps > .20, hp2 < .04 (see Table 2.3 for 

means).  

 

Matched Performance for Associative Inference and Source Memory Errors  

Directly learned and associative inference trials. We first consider overall accuracy on 

directly learned and associative inference trials for younger adults tested at a 48-hr delay and older 

adults at the 24-hr delay. Younger adults showed higher levels of accuracy on directly learned 

trials (M = .69, SE = .03) compared to older adults (M = .59, SE = .02), t(46) = 3.04, p = .004, 

mean difference = .10, 95% CI [.03, .16], d = .88.1 Critically, younger adults’ accuracy on 

associative inference trials (M = .64, SE = .03) did not significantly differ from older adults’ 

accuracy (M = .61, SE = .04), t(46) < 1, p > .250., mean difference = .03, 95% CI [-.06, .13], d = 

.20; see Table 2.1).  

We conducted an identical repeated-measures ANOVA to evaluate participants’ RTs for 

directly learned and associative inference trials for older and younger adults. Results revealed a 

main effect of target, F(1, 46) = 55.56, p < .001, hp2 = .55; a main effect of age, F(1, 46) = 157.35, 

p < .001, hp2 = .77; and a significant Target x Age interaction, F(1, 46) = 14.05, p < .001, hp2 = 

.23. As in the matched study–test delay analysis, we found significantly longer RTs on associative 

inference trials compared to directly learned trials for younger adults (M = 4,401 ms, SE = 185; M 

= 3,052 ms, SE = 129), t(23) = 7.76, p < .001, mean difference = 1,349, 95% CI [989, 1709], d = 

1.58; analysis for older adults reported earlier; see Table 2.1), suggesting an additional 

recombination-related retrieval mechanism for inferential versus direct retrieval.  

Further, we conducted an identical repeated-measures ANOVA to evaluate confidence ratings 

for directly learned and associative inference trials for older and younger adults. Results revealed 
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a main effect of target, F(1, 46) = 45.40, p < .001, hp2 = .50, and a main effect of age, F(1, 46) = 

15.20, p < .001, hp2 = .25, but no Target x Age interaction, F(1, 46) < 1, p > .250, hp2 = .004. Just 

as in the matched study–test delay analysis, results revealed that younger adults were significantly 

more confident in their responses on directly learned compared to associative inference trials for 

both younger (M = 3.22, SE = .09; M = 2.83, SE = .08), t(23) = 5.67, p < .001, mean difference = 

.39, 95% CI [.25, .53], d = 1.18, and older adults (analysis reported earlier; see Table 2.1).  

False memory. To assess the effects of recombination mechanisms at retrieval on subsequent 

source memory errors for younger and older adults, we examined source memory errors for the 

detail and source monitoring questions with a 2 (time: before vs. after inference retrieval) x 2 

(inference: correct vs. incorrect inference) x 2 (age: younger vs. older adults) repeated-measures 

ANOVA comparing younger adults at a 48-hr delay and older adults at a 24-hr delay. Replicating 

the matched study–test delay analysis, results revealed a significant three-way Time x Inference x 

Age interaction, F(1, 46) = 5.41, p = .024, hp2 = .11 (see Figure 2.2).  

To characterize the three-way interaction effects, we conducted an additional 2 (time: before 

vs. after inference) x 2 (inference: correct vs. incorrect inference) repeated-measures ANOVA for 

our second younger adults group (see Table 2.2 for raw trial numbers). Results from younger adults 

revealed a significant Time x Inference interaction, F(1, 23) = 7.40, p = .012, hp2 = .24. As 

previously reported in Experiment 2 of Carpenter and Schacter (2017), younger adults falsely 

attributed more details to the overlapping event after successful inference retrieval (M = .28, SE = 

.02) than before successful inference retrieval (M = .22, SE = .02), t(23) = 2.48, p = .021, mean 

difference = .06, 95% CI [.01, .11], d = .51. Further, participants did not falsely attribute more 

details to the overlapping event after unsuccessful inference retrieval (M = .22, SE = .02) than 

before unsuccessful inference retrieval (M = .25, SE = .03), t(23) = -1.022, p > .250, mean 
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difference = -.03, 95% CI [-.10, .03], d = .21. Participants did not falsely attribute more details to 

the overlapping event before successful inference retrieval (M = .22, SE = .02) than before 

unsuccessful inference retrieval (M = .25, SE = .03), t(23) = 1.40, p = .175, mean difference = .03, 

95% CI [-.02, .08], d = .29. Critically, younger adults falsely attributed more details to the 

overlapping event after successful inference retrieval (M = .28, SE = .02) than after unsuccessful 

inference retrieval (M = .22, SE = .02), t(23) = 2.56, p = .018, mean difference = .06, 95% CI [.01, 

.10], d = .52, suggesting that recombination during retrieval required for successful inference is 

linked to source memory errors.  

Results from the separate older adults ANOVA are reported earlier in the previous comparison 

to our younger adults group tested under a matched study–test delay period. It is important to note 

that when younger adults tested at a 48-hr delay were compared to older adults tested at a 24-hr 

delay, and all detail–source questions were included (i.e., not conditionalized on successful– 

unsuccessful inference or participants’ performance on directly learned trials), there was no 

significant difference in the overall levels of source memory error for younger (M = .29, SE = .007) 

compared to older (M = .29, SE = .01), t(46) < 1, p > .250, mean difference = .0004, 95% CI [-.03, 

.03], d = .008, adults. Thus, when groups were matched on inference accuracy and overall rates of 

source memory errors, younger adults showed an increase in false memories following successful 

inference, whereas older adults did not.  

True memory. As in the analysis of the matched study–test delay data, we also examined true 

memory for the detail and source monitoring questions with a 2 (time: before vs. after inference 

retrieval) x 2 (inference: correct vs. incorrect inference) x 2 (age: younger vs. older adults) 

repeated-measures ANOVA. Results revealed a significant main effect of time, F(1, 46) = 3.95, p 

= .053, hp2 = .08, with more correct memories after (M = .20, SE = .02) than before (M = .17, SE 
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= .02) inferential retrieval; no other significant main effects, age differences, or interactions were 

found, all Fs(1, 46) < 2.60, ps > .11, hp2 < .06 (see Table 3 for means). Notably, after the test of 

directly learned and associative inference trials, there was no significant difference in the 

proportion of true memories following successful inference (M = .21, SE = .02) compared to 

unsuccessful inference (M = .20, SE = .02), t(47) < 1, p > .250, mean difference = -.007, 95% CI 

[-.04, .02], d = .07.  

Foil memory. We conducted a 2 (time: before vs. after inference retrieval) x 2 (inference: 

correct vs. incorrect inference) x 2 (age: younger vs. older adults) repeated-measures ANOVA to 

evaluate participants’ foil memory scores. Results revealed a main effect of age, F(1, 46) = 5.89, 

p = .019, hp2 = .11, with more foil memories for younger (M = .20, SE = .02) than older (M = .14, 

SE = .02) adults; no other significant main effects or interactions were found, all Fs(1, 46) < 2.30, 

ps > .13, hp2 < .06 (see Table 2.3 for means).  

 

Discussion 

The experiment reported here provides novel evidence of age-related changes in the 

consequences of successful associative inference for subsequent false memories. When older 

adults were able to successfully infer the relationship between two elements from related episodes 

that had never been directly paired (i.e., A and C), they did not exhibit the same increase in false 

memories for contextual details from the two related episodes following successful associative 

inference that we previously reported in younger adults (Carpenter & Schacter, 2017). This 

observation is striking because in many situations, older adults are more prone to source 

misattributions and related false memories than are younger adults (for review, see Devitt & 

Schacter, 2016).  
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When we compared results from the older adults group reported here (i.e., 24-hr study–test 

delay) to either a younger adults group tested under identical experimental conditions or to a 

younger adults group tested at a 48-hr study–test delay who were equated on associative inference 

performance and overall source memory errors, we observed the identical pattern of results: 

Younger adults showed an increase in false memories only following successful inference, 

whereas older adults did not. It should also be noted that when we compared the current group of 

older adults to the group of younger adults tested under identical experimental conditions, we did 

find the typical age-related increase in overall source memory errors; critically, this increase was 

independent of both whether the detail–source-monitoring test was given before or after the test of 

directly learned and associative inference trials and whether inference was successful or 

unsuccessful. It is important to note that we also compared the older adults group at a 24-hr delay 

to the younger adults group at a 48-hr delay because these two groups were equated both on 

associative inference accuracy and overall proportions of source memory errors. Thus, the age-

related difference in false memory following successful inference reported here cannot be 

attributable to age differences in associative inference performance or overall age-related increases 

in source memory errors. Further, there were no Time x Inference x Age interactions for true 

memories or foil memories in either of the two age-related comparisons reported here. Thus, the 

age-related differences reported here are specific to reductions in source memory errors for older 

compared with younger adults following successful associative inference (for other evidence 

concerning transitive inference in older adults, see Ryan, Moses & Villate, 2009).  

We have previously suggested that the increase in source memory errors following successful 

inferential retrieval for younger adults depends on both cross-episode binding (e.g., Bridge & 

Voss, 2014a, 2014b) and retrieval-related recombination mechanisms (e.g., Carpenter & Schacter, 
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2017; Hupbach, Gomez, Hardt, & Nadel, 2007; St. Jacques & Schacter, 2013). We have argued 

that cross-episode binding in our paradigm occurs most extensively for episodes that result in 

successful, as opposed to unsuccessful, associative inference (Carpenter & Schacter, 2017). That 

is, when younger adults successfully infer the relationship between A and C, they may bind details 

from the two episodes, such that details from one episode (AB) migrate to and become 

incorporated in the overlapping episode (BC). In addition, flexible recombination mechanisms 

operating during the associative inference test allow younger adults to reactivate and recombine 

elements of the overlapping AB and BC relationships (along with their corresponding contextual 

details) in order to encode the novel inference between the previously unrelated A and C items. 

Thus, we suggest that successful inference involves a retrieval-related recombination process that 

results in increased source memory errors in younger adults (as discussed at length in Carpenter & 

Schacter, 2017). Successful associative inference can also be achieved via an integrative encoding 

mechanism (e.g., Shohamy & Wagner, 2008), but this mechanism cannot account for the selective 

increase in false memories only after successful inferential retrieval). Indeed, in the current 

experiment we observed significantly longer RTs on associative inference trials than on directly 

learned trials for both younger and older adults, which is consistent with results of previous 

research utilizing a similar associative inference paradigm (Carpenter & Schacter, 2017; 

Zeithamova & Preston, 2010), suggesting that there may be an additional recombination-related 

retrieval mechanism necessary for inferential compared to direct retrieval.  

In contrast to this account of younger adults performance, the current results suggest that when 

older adults reactivate overlapping AB and BC events while successfully inferring the relationship 

between A and C items during the associative inference test, the corresponding event details (e.g., 

AB) are less fully bound to the overlapping event context (e.g., BC). Thus, older adults make 
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relatively fewer source memory errors following successful inference compared to younger adults. 

Based on previous research showing reduced retrieval of episodic details in older compared to 

younger adults (e.g., Addis, Wong, & Schacter, 2008; Levine, Svoboda, Hay, Winocur, & 

Moscovitch, 2002), in concert with related research highlighting disproportionate age-related 

declines in remembering specific contextual and associative information (Old & Naveh-Benjamin, 

2008; Smyth & Naveh-Benjamin, 2016), we suggest that when older adults successfully infer the 

relationship between items A and C, they reactivate the episodic or contextual details of the AB 

and BC events less richly than do younger adults. Thus, when older adults make the correct 

inference across the two overlapping episodes (AB and BC), they bind fewer contextual details 

across episodes, producing fewer source misattributions.  

There are at least two possibilities as to why older adults may less richly reactivate the 

overlapping contextual details when making a successful inference judgment. Older adults could 

(a) fail to retrieve related episodic or contextual details that are available in memory or (b) fail to 

initially encode contextual details sufficiently to facilitate their subsequent recall during successful 

inferential retrieval. Future research should attempt to distinguish between these two possibilities 

by manipulating how older adults encode or retrieve the contextual details of overlapping events.  

We conclude by noting a couple of cautionary items. First, our theoretical account of the age 

difference in inference-dependent false memories observed here is based on a single experiment 

and thus must remain tentative pending replication of our results. Second, although associative 

inference performance did not differ significantly between younger adults tested at a 48-hr delay 

and older adults tested at a 24-hr delay, there was a significant age-related decline on directly 

learned trials. Critically, our key false memory results were conditionalized on correct directly 

learned trials, which mitigates this concern. Nonetheless, future research should attempt to 
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replicate the current results under conditions that elicit similar levels of performance on both 

associative inference and directly learned trials for younger and older adults.  

 

  



 103 

Paper 2 Acknowledgements 

Data from the younger adults comparison group tested at a 48-hr delay were previously 

reported in Carpenter and Schacter (2017) and in a poster at the 57th Annual Meeting of the 

Psychonomic Society in Boston, MA, in November 2016. This research was supported by National 

Institute on Aging Grant AG08441 to Daniel L. Schacter. We thank Karen Campbell, Aleea Devitt, 

David Maillet, and Preston Thakral for comments on the article. The context is solely the 

responsibility of the authors and does not necessarily reflect the official views of the National 

Institute on Aging or the National Institutes of Health.  

 
   



 104 

Footnotes 

1Younger adults’ performance on directly learned trials (M = .69, SE = .03) was marginally higher 
compared to associative inference trials (M = .64, SE = .03), t(23) = 2.00, p = .057, mean difference 
= .05, 95% CI [-.002, .10], d = .42, and older adults’ performance on directly learned trials (M = 
.59, SE = .02) was not significantly different from their performance on associative inference trials 
(M = .61, SE = .04), t(23) < 1, p > .25, mean difference = -.01, 95% CI [-.08, .05], d = .09.  
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Abstract 

 Flexible retrieval mechanisms that allow us to infer novel relationships across events may 

also leave memory prone to error or distortion when details of one event are misremembered as 

having come from the related event. To determine how such mechanisms affect the reinstatement 

of overlapping, yet incorrect contextual details and false memories, we developed an associative 

inference paradigm in which participants viewed each event context prior to encoding 

overlapping events (‘AB’, ‘BC’) that may later be linked to support successful associative 

inference (‘AC’). During retrieval, we correlated neural patterns when participants retrieved the 

currently cued context (‘AB’) with neural patterns when participants viewed the overlapping, yet 

incorrect context (‘BC’). Results revealed that after successful inference, neural patterns in the 

anterior hippocampus, posterior medial prefrontal cortex, and our content-reinstatement region, 

were more similar to the overlapping, yet incorrect context relative to after unsuccessful 

inference. Further, inference-related univariate activity in the hippocampus correlated with 

pattern similarity scores in our content-reinstatement region, which correlated with behavioral 

false memories. These results suggest that flexible retrieval mechanisms that support successful 

inference also play a role in the misattribution of contextual details and that these details are 

reinstated during subsequent retrieval attempts, resulting in false memories.  
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Episodic memory supports our ability to retrieve distinct elements of past experiences 

(Tulving, 1983). In addition, a growing body of evidence suggests that episodic memory also 

allows us to recombine such elements to create novel episodes that have not been directly 

experienced (e.g., Moscovitch, Cabeza, Winocur, & Nadel, 2016; Thakral, Madore, Addis, & 

Schacter, 2019). For example, according to the constructive episodic simulation hypothesis 

(Schacter & Addis 2007a, 2007b, in press) flexibly retrieving and recombining elements of past 

experiences is critical for our ability to imagine or simulate events that may occur in the future. In 

addition to simulating possible future events, such adaptive constructive episodic processes 

(Schacter, 2012) have also been shown to support inferential retrieval (Preston, Shrager, 

Dudukovic & Gabrieli, 2004; Zeithamova, Dominick & Preston, 2012; Zeithamova & Preston, 

2010), means-end problem solving (Jing, Madore & Schacter, 2016; Madore & Schacter, 2014; 

Sheldon, McAndrews, & Moscovitch, 2011), and divergent creative thinking (Madore, Addis, & 

Schacter, 2015).  

However, the constructive episodic simulation hypothesis also holds that the functional 

benefits of flexible retrieval and recombination may be accompanied by a cost: susceptibility to 

memory errors such as source misattribution and false recognition that can result from mistakenly 

combining elements of distinct past experiences (Schacter & Addis, 2007a, 2007b, in press; for 

related views, see Dudai & Carruthers, 2005; Suddendorf & Corballis, 2007). That is, while such 

constructive processes support a range of adaptive mnemonic functions, they may also leave 

memory prone to error or distortion (cf., Bartlett, 1932; Brainerd & Reyna, 2005; Loftus, Miller, 

& Burns, 1978; Howe, 2011; McClelland, 1995; Roediger, 1996; Schacter, 2001; Schacter, Guerin, 

& St. Jacques, 2011).  
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Using a modified associative inference paradigm, Carpenter and Schacter (2017) directly 

tested the key claim of the constructive episodic simulation hypothesis that the same flexible 

retrieval processes that are used to combine elements of distinct episodes into functionally useful, 

novel representations, may also produce memory errors. Associative inference is an adaptive 

process that supports our ability to reactivate and recombine past episodes in order to infer a novel 

relationship that has not been directly experienced (e.g., Zeithamova & Preston, 2010). In previous 

versions of the modified associative inference paradigm, during the first session participants were 

asked to learn partially overlapping ‘AB’ and ‘BC’ events comprised of a unique ‘A’ or ‘C’ person 

and a shared ‘B’ object superimposed on an indoor or outdoor scene. Importantly, these scene 

contexts contained at least ten contextual details that were contradictory across the overlapping 

‘AB’ and ‘BC’ events (e.g., event ‘AB’ contained a white couch and event ‘BC’ contained a brown 

couch – see Figure 3.1 for example images). Participants were instructed to learn both the direct 

person-object relationships (i.e., ‘AB’ and ‘BC’) and the indirect relationships between two people 

based on the shared object (i.e., ‘AC’). Further, participants were instructed to learn the contextual 

details of the scenes associated with each event (e.g., the color of the couch). After either a 24- or 

48-hour delay, participants were tested on the directly learned and novel indirect associations that 

were linked via the shared ‘B’ item (i.e., associative inference, ‘AC’).  

In order to determine how flexible recombination mechanisms that support successful 

associative inference affected memory for the original event contexts, participants’ memories for 

the contextual scene details of each event were tested both before and after the test of directly 

learned and associative inference relationships. That is, participants completed one half of 

contextual event detail questions prior to the test of the directly learned and associative inference 

trials and then completed the alternate half of the detail questions. Results revealed significantly 
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higher rates of false memories (i.e., trials where participants chose the contextual detail from the 

overlapping event and misattributed its source to the currently cued event) after successful 

associative inference compared to both after unsuccessful inference and before successful 

associative inference (Carpenter & Schacter, 2017).  

Carpenter and Schacter (2017) argued that flexible retrieval and recombination mechanisms 

active during the test of directly learned/associative inference trials may result in higher false 

memory scores after successful compared to unsuccessful associative inference because inferring 

the relationship across the ‘AB’ and ‘BC’ events requires participants to both reactivate distinct 

‘AB’ and ‘BC’ episodes and further flexibly recombine the nonoverlapping ‘A’ and ‘C’ items. 

During such flexible retrieval, contextual details from one event may be more fully bound to the 

overlapping, yet incorrect source, resulting in memory errors associated with heightened cross-

episode binding (cf., Bridge & Voss, 2014a, 2014b) as a result of flexible retrieval and 

recombination processes. While past behavioral results are in line with such an account (Carpenter 

& Schacter, 2017; Carpenter & Schacter 2018a), nothing is known about the neural basis of this 

effect. Specifically, it is unknown whether the neural representation of the currently cued event 

becomes more similar to the overlapping, yet incorrect event context following successful 

associative inference. Such changes in representational similarity would be expected if during 

successful associative inference ‘AB’ and ‘BC’ representations are indeed reactivated and 

recombined to create a more integrated representation wherein contextual details are more fully, 

yet mistakenly bound to the overlapping, yet incorrect event. The main purpose of the present 

functional resonance magnetic imaging (fMRI) study is to test this prediction. 

Past research utilizing an established associative inference paradigm under single-trial learning 

conditions (i.e., encoding conditions where each ‘AB’ and ‘BC’ associations are only encoded 
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once) has shown that regions of the medial temporal lobe (MTL), namely the hippocampus 

(Preston et al., 2004; Zeithamova & Preston, 2010), and inferior frontal gyrus (IFG) are 

particularly important when individuals make successful inference judgments (Zeithamova & 

Preston, 2010). Specifically, during retrieval, MTL activity tracked participants’ performance on 

the associative inference task, and functional connectivity between the MTL and IFG was greater 

for successful inference compared to directly learned trials. These results suggest that the MTL 

and IFG play a unique role in the retrieval and flexible recombination of these overlapping 

memories during test, supporting processes above and beyond what is required to retrieve a directly 

learned association. Specifically, past work suggests that the IFG may be involved in the controlled 

retrieval of and resolving interference between competing memory representations (Badre & 

Wagner, 2007; Oztekin, Curtis & McElree, 2009). Taken together, these results suggest that such 

IFG processes in concert with hippocampally-dependent flexible retrieval/cross-episode binding 

mechanisms may further support successful inference when participants have not integrated the 

partially overlapping ‘AB’ and ‘BC’ events during encoding (for a similar integrative encoding 

account, see Schlichting, Mumford & Preston, 2015; Shohamy & Wagner, 2008; Zeithamova, 

Dominick & Preston, 2012).  

In a related line of work targeting integration of partially overlapping events during encoding, 

Zeithamova, Dominick & Preston (2012) aimed to determine how the neural reinstatement of 

overlapping information (i.e., ‘AB’) during new learning (i.e., ‘BC’), rather than flexible retrieval 

and recombination during test, supports successful associative inference. Here, participants were 

asked to learn overlapping ‘AB’ and ‘BC’ pairs over several repetitions while in the scanner and 

were later tested on the directly learned and associative inference trials outside of the scanner. 

Critically, in this paradigm the overlapping ‘AB’ and ‘BC’ pairs consisted of unique objects and 
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scenes in which the ‘A’ (or ‘C’) item was from the object category for the critical triads, whereas 

the corresponding ‘C’ (or ‘A’) item was from the scene category.  For example, if participants 

were first asked to learn ‘beach scene’ – ‘horse’ during the ‘AB’ encoding block, the ‘BC’ 

encoding block would consist of ‘horse’ – ‘basketball’. Zeithamova et al. (2012) employed a multi-

voxel pattern analysis (MVPA) to track neural pattern activation during ‘BC’ learning associated 

with the scene (or object) information that was previously learned during the ‘AB’ encoding block. 

Thus, in the previous example, during the ‘BC’ encoding block the critical measure would be 

reactivation of the beach scene information. Results revealed that the degree of scene (or object) 

reinstatement during new learning tracked participants’ inference performance. Further, decreases 

in hippocampal activation over encoding repetitions tracked inference performance, as did 

increases in medial prefrontal cortex (mPFC) activation. Such results are consistent with past 

studies suggesting that the hippocampus is critical for the rapid reactivation and cross-episode 

binding of overlapping, yet distinct memories in order to support successful associative inference 

during test. Alternatively, the authors suggested that mPFC activation may represent memory 

integration such that overlapping ‘AB’ and ‘BC’ memories are gradually integrated into a coherent 

event representation over multiple repetitions (Zeithamova et al., 2012). 

Schlichting, Mumford & Preston (2015) aimed to assess the effect of learning overlapping 

associations on the neural representations of the individual, non-overlapping ‘A’ and ‘C’ items. In 

this study, participants were scanned during two phases, a pre-study phase and a post-study phase, 

wherein participants passively viewed novel ‘A’ and ‘C’ items both before and after learning the 

partially overlapping ‘AB’ and ‘BC’ events respectively. Outside the scanner, participants were 

tested on their memory for the directly learned and associative inference trials. Results revealed 

that after participants learned the partially overlapping ‘AB’ and ‘BC’ associations, the anterior 
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hippocampus and posterior mPFC specifically showed evidence of integration such that patterns 

of neural activity when participants viewed non-overlapping ‘A’ and ‘C’ items were more similar 

to one another, relative to items from unrelated events. Further, anterior hippocampal volume 

tracked the increase in pattern similarity between the individual ‘A’ and ‘C’ items following the 

study-phase. Results from Schlichting and colleagues (2015) further highlight the role of the 

anterior hippocampus and posterior mPFC in complementary recombination/integration 

mechanisms that process relational information and bind information across event boundaries, 

resulting in similar neural patterns for indirectly related elements of two distinct events (i.e., ‘A’ 

and ‘C’).  

Related work that is critical for the present research comes from studies showing that 

successful retrieval of event details is thought to involve the reinstatement of encoding-related 

representations in the hippocampus and other content-specific cortical regions. Supporting this 

hypothesis, results from fMRI studies employing a univariate analysis have shown that successful 

retrieval is accompanied by reactivation of neural activity in regions involved during the initial 

encoding of a stimulus (e.g., Slotnick & Schacter, 2006; Johnson & Rugg, 2007; Thakral, Wang, 

& Rugg, 2015; for reviews, see Danker & Anderson, 2010; Rugg, Johnson & Uncapher, 2015; 

Slotnick, 2004). In line with such univariate results are studies using MVPA that have focused on 

reinstatement of specific item information (e.g., reinstatement of one specific scene) by leveraging 

differences in within- versus between-event neural pattern similarity. Successful memory 

decisions are associated with stronger item-specific reinstatement in both the hippocampus (and 

surrounding MTL regions) and content-specific cortical regions (Bird, Keidel, Ing, Horner & 

Burgess, 2015; Gordon, Rissman, Kiani & Wagner, 2014; Kuhl & Chun, 2014; Lee, Kravitz & 

Baker, 2019; Mack & Preston, 2016; Oedekoven, Keidel, Berens & Bird, 2017; Pacheco Estefan 
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et al., 2019; Ritchey, Wing, LaBar & Cabeza, 2013; Staresina, Henson, Kriegeskorte & Alink, 

2012; Tompary, Duncan & Davachi, 2016; Wing, Ritchey & Cabeza, 2015; for a review, see Xue, 

2018). Further, recent results suggest that during retrieval, item-specific reinstatement in the 

hippocampus via pattern completion processes may drive subsequent reinstatement in content-

specific cortical regions, supporting the successful retrieval of event details (Bosch, Jehee, 

Fernandez & Doeller, 2014; Pacheco Estefan et al., 2019; Gordon et al., 2014; Ritchey et al., 2013; 

Staresina et al., 2012; Tompary et al., 2016; see also Wing et al., 2015 for evidence regarding 

hippocampal activity during encoding driving subsequent cortical reinstatement during retrieval).  

In sum, results of past work utilizing various fMRI analytic methods highlight the role of the 

MTL (specifically the anterior hippocampus), IFG and medial prefrontal regions in the retrieval 

and flexible recombination of overlapping, yet distinct memories in order to support successful 

associative inference (Preston et al., 2004; Zeithamova & Preston, 2010; Zeithamova, Dominick 

& Preston, 2012). Further, following the flexible retrieval and recombination of distinct episodes, 

the neural patterns for non-overlapping items (i.e., ‘A’ and ‘C’) become more similar to one 

another in the anterior hippocampus and posterior medial prefrontal cortex (Schlichting et al., 

2015). Finally, greater item-specific reinstatement during retrieval tracks various aspects of 

participants’ memories from free-recall of event details (e.g., Oedekoven et al., 2017) to ratings of 

recognition memory confidence (Ritchey et al., 2013).  While prior work highlights the 

importance of MTL and prefrontal regions in supporting successful associative inference, the 

current study aims to determine whether flexibly retrieving and recombining elements from 

distinct episodes comes at a cost to memory for contextual details. We hypothesize that after 

successful inference, the neural representation of the currently cued event may become more 

similar to the overlapping, yet incorrect event context, making it more difficult to resolve 
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differences among the events leading participants to misattribute contextual details across event 

boundaries.    

In the present fMRI study, we assessed how flexible retrieval/cross episode binding 

mechanisms that support successful associative inference affect the specific neural representations 

of the original event contexts and further, how they impact the likelihood that participants 

misattribute such contextual details from one event to the overlapping, yet incorrect event. We did 

so by utilizing a representational similarity analysis (RSA) approach with our modified associative 

inference paradigm. Thus, the goal of the current study is to target item-specific reinstatement of 

the contextual information that we hypothesize is mistakenly retrieved and bound to the 

overlapping event during successful inferential retrieval. In line with this goal, we targeted the 

increased reinstatement of the overlapping, yet incorrect contextual scene information following 

successful inferential retrieval and further related the fidelity of such overlapping, yet incorrect 

contextual reinstatement to participants’ subsequent false memory scores. To do so, we modified 

our previous associative inference paradigm to allow for the decoding of memory for specific event 

contexts by introducing a pre-exposure phase during the first study session.  

During the scanned pre-exposure phase, prior to learning the overlapping ‘AB’ and ‘BC’ 

associations, participants viewed each of the ‘AB’ and ‘BC’ scene context images in isolation 

without the superimposed people (i.e., ‘A’ and ‘C’ items) and objects (i.e., ‘B’ item). Following 

the pre-exposure phase, participants learned the partially overlapping ‘AB’ and ‘BC’ event pairs 

outside of the scanner. Following a 24-hour delay, participants were scanned again while 

completing two sets of detail retrieval trials, testing their memory for the specific contextual event 

details, separated by the directly learned and associative inference tests. Critically, on detail 

retrieval trials participants were initially presented with only the ‘A’ or ‘C’ person cue and the 
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question prompt (e.g., what color was the couch?) and were asked to recall, in as much detail as 

possible, the contextual information from the currently cued event that best answered the question 

prompt (e.g., correct detail: white couch; false/misinformation detail: brown couch). Following 

this initial ‘remember’ period, participants were presented with four possible answer choices and 

asked to make their response (see Figure 3.1).  

Given past literature highlighting the role of the anterior hippocampus and posterior mPFC 

regions in both successful associative inference and memory recombination/integration, we 

limited our RSA results to three regions of interest (ROIs)1: anterior hippocampus, posterior 

mPFC, and ‘content-reinstatement’ regions in the inferior temporal cortex, specifically the L. 

inferior temporal gyrus (L. ITG; see Figure 3.5). We chose to focus on the L. ITG as our content-

reinstatement region due to past work suggesting that this region may be sensitive to the 

reinstatement of the specific contextual details relevant to our paradigm (e.g., object 

information/objects in context - the color of the couch; Han, Berg, Oh, Samaras & Leung, 2013; 

Kreigeskorte et al., 2008; Ranganath, Cohen, Dam & D’Esposito, 2004; Vaidya, Zhao, Desmond 

& Gabrieli, 2002; Woloszyn & Sheinberg, 2009; for review, see Bar, 2004). 

For each ROI, we aimed to measure the event-specific reinstatement of contextual details that 

were mistakenly bound to the overlapping event context as a consequence of flexible retrieval 

mechanisms that support successful inference. Consistent with this goal, we correlated patterns of 

neural activity during the ‘remember’ period of detail retrieval trials with patterns of neural activity 

during the pre-exposure phase when participants passively viewed the overlapping, yet incorrect 

context (see Figure 3.2). For example, during detail retrieval trials, participants were presented 

with person A1 in order to cue the retrieval of details related to context AB1. In line with past 

research, reactivation or reinstatement of context AB1, in response to the cue person A1, may track 
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participants’ true memory performance (Mack & Preston 2016). Alternatively, in line with the goal 

of the current study, reinstatement of the incorrect context from the overlapping event (e.g., context 

BC1 – overlapping, yet incorrect contextual reinstatement), in response to cue person A1, may track 

participants’ false memory performance as a result of reactivating and recombining the partially 

overlapping events during the directly learned/associative inference test. In order to determine how 

flexible retrieval/cross-episode binding mechanisms that support successful associative inference 

affect the reinstatement of overlapping, yet incorrect contextual details, we then compared such 

pattern similarity for successful inference triads to unsuccessful inference triads both before and 

after the directly learned/associative inference test.  

Methods 

Participants. 31 participants completed both sessions of the study in full (Mage = 21.10, SD = 

2.21; Meducation = 14.90, SD = 2.07; 19 female). Participants were recruited via advertisements at 

Boston University and Harvard University. All participants were native English speakers, right-

handed, had normal or corrected-to-normal vision, and no history of psychiatric or neurological 

disorders. Participants gave informed consent and were treated in accordance with guidelines 

approved by the committee on the use of human subjects at Harvard University and received pay 

for completing the study. Two participants were excluded from all behavioral and fMRI analyses 

because they did not have at least one triad in each bin (i.e., before vs. after, unsuccessful vs. 

successful inference), rendering the critical comparison of before vs. after successful vs. 

unsuccessful inference impossible. Specifically, one participant was excluded for low performance 

on the associative inference task resulting in insufficient successful inference triads and one 

participant was excluded for high performance on the associative inference task resulting in 

insufficient unsuccessful inference triads. Thus, 29 participants (Mage = 21.07, SD = 2.25; Meducation 
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= 14.86, SD = 2.10; 19 female) with sufficient successful and unsuccessful inference triad numbers 

were included in all behavioral analyses. For one participant, one run of the detail retrieval trials 

before the directly learned/associative inference task was excluded from both behavioral and fMRI 

analyses due to experimenter error (run was repeated twice – thus, the repeated run was excluded 

from all analyses). For subsequent univariate and RSA analyses, one participant was excluded 

from each for having too few successful/unsuccessful inference triads or associative 

inference/directly learned trials. Further, five participants were excluded from subsequent 

univariate and RSA analyses due to excessive movement (≥	3mm translation or ≥ 3º rotation 

within runs). Thus, the remaining 23 participants (Mage = 21.09, SD = 2.43; Meducation = 14.91, SD 

= 2.31; 15 female) were included in all fMRI analyses.  

Summary of Procedure. Participants came into the lab for two sessions separated by a 24-

hour delay (the procedures here follow our prior studies, Carpenter & Schacter, 2017, 2018a, 

2018b). All experimental sessions were executed using PsychoPy2 (v1.80.03). During the first 

session, participants completed six runs of the pre-exposure phase while in the scanner followed 

by the ‘AB’ and ‘BC’ encoding phases outside of the scanner. During the second session, 

participants completed all tasks while in the scanner. Participants completed one half (i.e., six runs) 

of the detail retrieval trials prior to completing three runs of the directly learned and associative 

inference trials. After the test of directly learned and associative inference trials, participants were 

given a short, approximately five-minute break inside the scanner, while the experimenter 

conditionalized the second half of the detail retrieval trials based on each participant’s performance 

on the directly learned trials for each triad. That is, due to time constraints, after the directly 

learned/associative inference test, participants were only tested on detail retrieval questions that 

corresponded to triads for which they got the directly learned trials correct given that only these 
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triads could be used in subsequent analyses. After participants completed the second half (i.e., six 

runs) of the detail retrieval trials, they were debriefed and compensated for their participation in 

the study (see Figure 3.1).  

Pre-Exposure Phase. Participants completed six runs of the pre-exposure task. Stimuli 

consisted of 96 still color images depicting indoor and outdoor scenes (e.g., an office or a park; 

subtending 9.19º by 6.84º in visual angle) that would later be used as the event contexts for partially 

overlapping ‘AB’ and ‘BC’ pairs. Each run consisted of 64 ‘AB’ or ‘BC’ event contexts without 

the superimposed people or objects. Each ‘AB’ and ‘BC’ event context was presented for two 

seconds and repeated four times across runs. Participants were instructed to view each image and 

attend to the details of the image during the two second viewing period. After each image, 

participants were given two seconds to make a task-irrelevant pleasantness rating on a scale from 

1 to 4 (1 = very unpleasant, 4 = very pleasant). Pleasantness ratings were included as an attentional 

check during the pre-exposure phase. Pre-exposure trials for which a participant did not respond 

to the pleasantness rating were excluded from all analyses. The pleasantness rating period was 

followed by a four second fixation period. 

AB and BC Encoding. Following the pre-exposure phase, participants completed the ‘AB’ 

and ‘BC’ encoding phases outside of the scanner. Stimuli consisted of 96 still color images 

depicting everyday life events (e.g., man walking the dog). Color images of common objects (e.g., 

toy truck) and people were superimposed on outdoor and indoor scenes. Scenes were 

counterbalanced across participants such that each scene was used equally often for both ‘AB’ and 

‘BC’ pairs. Using Adobe Photoshop CC 2015, 96 partially overlapping pairs (48 ‘AB’ pairs, 48 

‘BC’ pairs – 48 total ABC triads2) were constructed. Overlapping ‘AB’ and ‘BC’ pairs were 
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constructed such that two people (‘A’ and ‘C’) shared an association with an overlapping object 

(‘B’; i.e., one ABC triad).  

Participants first completed the ‘AB’ encoding task which consisted of the 48 ‘AB’ images, 

followed by the ‘BC’ encoding task which consisted of the 48 ‘BC’ images. Each image was 

randomly presented for 10 seconds within their respective encoding block (i.e., ‘AB’ encoding and 

‘BC’ encoding). Participants were instructed to learn both the direct associations (i.e., ‘AB’ and 

‘BC’) and the indirect associations (i.e., ‘AC’) along with the contextual scene information 

presented. Following each image, participants were asked to provide a judgment of learning (JOL) 

on a scale from 1 to 4 (1 = definitely forget, 4 = definitely remember). JOLs were collected in 

order to ensure participants’ attention during the encoding phase. 

Directly Learned and Associative Inference Trials. While in the scanner, participants 

completed the first half of the detail retrieval trials, and following that, were tested on directly 

learned (‘AB’ and ‘BC’) and associative inference (‘AC’) trials. During each directly learned trial, 

a single person (e.g., an ‘A’ or ‘C’ person) was presented at the top of the screen and two choice 

objects were presented at the bottom of the screen (e.g., two ‘B’ objects from different ABC triads). 

On the associative inference trials, a cue person (‘A’) was presented along with two choice people 

at the bottom of the screen (i.e., the correct ‘C’ person from the ABC triad and a lure ‘C’ person 

from another triad). Participants were instructed on associative inference trials that the association 

between the cue (‘A’) and the correct choice (‘C’) was indirect, mediated through an object (‘B’) 

that shared an association with both the cue and the correct choice during encoding. Participants 

were given four seconds to choose the item that they remembered was in some way related to the 

cue person (i.e., either directly or indirectly) or respond ‘neither’ if they remembered that the cue 

person had not been directly or indirectly related to either of the answer choices. Trials where 
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participants did not respond within the four second response period were excluded from all 

analyses (< 2% of trials). Participants completed three runs each consisting of 32 directly learned 

trials and 16 associative inference trials. The presentation order of the trials was pseudorandomized 

within runs with the constraint that ‘AC’ associative inference trials were shown before their 

corresponding ‘AB’ and ‘BC’ directly learned trials in order to ensure that participants were not 

able to form an association between ‘A’ and ‘C’ people during test based on the co-occurrence of 

answer choices. Each directly learned and associative inference trial was followed by a variable 

fixation period with an average of four seconds. 

Detail Retrieval. Ten detail retrieval questions were constructed for each of the 48 ABC triads 

(five questions related to image ‘AB’ and five questions related to image ‘BC’). Detail questions 

were directly related to contextual details that were present but contradictory in the ‘AB’ and ‘BC’ 

scenes and did not reference the overlapping ‘B’ object. A cutout of the cue person (i.e., either ‘A’ 

or ‘C’) was presented to the right of each detail question in order to indicate which scene context 

the question was referring to. Each detail retrieval trial consisted of a six second ‘remember’ period 

followed by a four second ‘response’ period. During the ‘remember’ period, participants viewed 

the question prompt and the cue person and were asked to recall the currently cued event scene 

context in as much detail as possible. Following the six second ‘remember’ period, participants 

were given four response options: the correct item, a misinformation item, an unrelated foil item 

and a 100% unsure option. The misinformation item consisted of information from the overlapping 

image in the triad (e.g., if the detail question were related to the ‘AB’ image, the misinformation 

item would be a contradicting detail from the ‘BC’ image, such as a brown couch when a white 

couch had appeared in the ‘AB’ image). Foil items were details that were not presented in either 
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of the overlapping images (e.g., grey couch). Each detail retrieval trial was followed by a four 

second fixation period.  

Participants completed the ten detail retrieval trials for one half of the 48 ABC triads split into 

six runs before being tested on the directly learned and associative inference trials. Each run 

consisted of 40 detail retrieval trials corresponding to either a previously learned ‘AB’ or ‘BC’ 

image. As noted in the Summary of Procedure section, trials for each run of the alternate half of 

detail retrieval trials tested after the directly learned/associative inference test were conditionalized 

based on participants’ performance on the directly learned and associative inference task (Mtrials 

per run = 21.30, SE = 0.44).  
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Figure 3.1. Schematic of experimental methods. Participants completed two sessions that were 
separated by a 24-hour delay. Session 1 consisted of two phases. During the pre-exposure phase, 
participants viewed each of the ‘AB’ and ‘BC’ contexts without the superimposed people and 
objects while in the scanner. During the AB and BC encoding phase participants learned 
overlapping ‘AB’ and ‘BC’ pairs outside of the scanner. For each event, participants were 
instructed to learn the direct relationships (‘AB’ and ‘BC’), the indirect relationship (‘AC’), and 
the event context details (e.g., the color of the couch). Following a 24-hour delay, participants 
completed Session 2, which consisted of three phases (two detail retrieval phases and one test of 
directly learned/associative inference trials). Participants completed one half of the detail retrieval 
trials before and completed the alternate half of the detail retrieval trials after the directly learned 
and associative inference test. During each detail retrieval trial participants first viewed the cue 
individual and the detail question (e.g., what color was the couch?) for six seconds. During this 
‘remember’ period participants were instructed to think back to the currently cued context image 
and visualize the relevant contextual detail to the best of their ability. Following each six second 
‘remember’ period, participants were presented with four possible answer choices: 
misinformation, true, foil and 100% unsure. The misinformation choice was the contradictory 
detail from the overlapping event (e.g., brown couch). The correct choice was the true detail from 
the currently cued event (e.g., white couch). The foil choice was a detail that was not present in 
either the currently cued or overlapping event (e.g., gray couch). Once the four possible answer 
choices appeared on the screen, participants were given four seconds to make their response.  
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Coding of Triad and Memory Type. Consistent with previous work using the modified 

associative inference paradigm and false memory tasks (Carpenter & Schacter, 2017, 2018a, 

2018b), successful inference triads were defined as triads for which participants were correct in 

their responses on both the directly learned and associative inference trials. That is, they were able 

to successfully recognize the ‘AB’ and ‘BC’ pairs and were further able to retrieve and recombine 

these events in order to infer the indirect ‘AC’ relationship. Alternatively, unsuccessful inference 

triads were defined as triads where participants were correct in their response on the directly 

learned trials but were incorrect in their response on the associative inference trial. That is, they 

were able to successfully recognize the ‘AB’ and ‘BC’ pairs but were not able to retrieve and 

recombine these events in order to infer the indirect ‘AC’ relationship. 

Within successful and unsuccessful inference triad bins both before and after the directly 

learned/associative inference test, false memories were defined as detail questions for which 

participants chose the misinformation detail from the overlapping event and attributed this detail 

to their memory of the currently cued event (e.g., brown couch; see Figure 3.2). True memories 

were defined as detail questions for which participants chose the correct detail from the currently 

cued event and attributed this detail to their memory for the currently cued event (e.g., white 

couch). Foil memories were defined as detail questions for which participants chose the foil detail 

(i.e., a detail that was not present in either the currently cued or the overlapping event) and 

attributed this detail to their memory for the currently cued event (e.g., gray couch). Unsure 

memories were defined as detail questions for which participants chose the ‘100% Unsure’ 

response option, indicating that they were 100% unsure in their memory for the context associated 

with the currently cued event. See Supplemental Results for overall rates of true, false, foil and 

unsure memory responses.  
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 fMRI Acquisition and Preprocessing. Functional and anatomic images were acquired at the 

Harvard Center for Brain Science using a 3-Tesla Siemens Prisma scanner with a 32-channel head 

coil. Anatomic images were acquired with a magnetization-prepared rapid gradient echo sequence 

(matrix size of 256 x 256, 1 mm3 resolution, 176 slices). Functional images were acquired with a 

multiband echo-planar imaging sequence (TR = 2 seconds, TE = 30 milliseconds, matrix size of 

136 x 136, 84 slices - 3 slices acquired simultaneously, 1.5 mm3 resolution, multiband factor of 3). 

Slices were auto-aligned to an angle 20° toward coronal from anterior-posterior commissure 

alignment. 

 fMRI data were analyzed using Statistical Parametric Mapping (SPM12, Wellcome 

Department of Cognitive Neurology, London, UK). Functional image preprocessing for each task 

(i.e., pre-exposure, detail-before, directly learned/associative inference, detail-after) consisted of 

slice-time correction (using the first slice as the reference), spatial realignment, and normalization 

into Montreal Neurological Institute space using the TPM template supplied by SPM12 (no 

resampling). Following normalization, functional images were smoothed with a 3 mm full-width-

half-maximum (FWHM) Gaussian smoothing kernel. Anatomical images were also normalized.  

 Univariate Analysis of fMRI Data. Univariate analysis during the directly 

learned/associative inference test was conducted using a two-stage mixed effects general linear 

model (GLM). In the first stage, four trial types of interest were defined: correct inference, 

incorrect inference, correct directly learned, incorrect directly learned. There was one additional 

trial type of no interest which comprised excluded trials and trials without a response (2% of all 

trials). A four second boxcar function that onset concurrently with the directly learned or 

associative inference trial was used to model neural activity. The associated BOLD response was 

modeled by convolving the boxcar functions with a canonical hemodynamic response function to 
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yield regressors in a GLM. Six movement-related regressors (three for rotation and three for rigid-

body translation) and regressors modeling each scan run were also entered into the design matrix.  

 In the second stage, the participant-specific parameter estimates for the four events of interest 

were entered into a one-way repeated measures ANOVA with participants modeled as a random-

effect. An individual voxel threshold of p < .005 was employed and corrected for multiple 

comparisons to p < .05 with a cluster extent threshold of 21 voxels (Slotnick, 2017; Slotnick, Moo, 

Segal & Hart, 2003). The cluster extent threshold was computed using a Monte Carlo simulation 

with 10,000 iterations with an estimated spatial autocorrelation of 4.40 mm (i.e., the FWHM of 

the image corresponding to the standard error of the model). We conducted a whole-brain 

univariate analysis by contrasting trials associated with correct inference > incorrect inference to 

identify regions associated with successful associative inference (see also, Zeithamova & Preston, 

2010). Given past work and our hypotheses highlighting the complementary roles of the 

hippocampus, posterior mPFC and IFG during successful associative inference (see Introduction), 

we also conducted ROI analyses within these three regions. Specifically, the contrast of correct 

inference > incorrect inference was used to identify activity in each of the aforementioned ROIs 

(i.e., those regions associated with successful associative inference). Activity within each ROI was 

then extracted and interrogated to identify which regions were more involved with successful 

associative inference compared to successful directly learned retrieval or whether these regions 

support both successful associative inference and directly learned retrieval to a similar extent. That 

is, parameter estimates from these ROIs were extracted using MarsBaR (v0.44 

http://marsbar.sourceforge.net/index.html; Brett, Anton, Valabregue & Poline, 2002) and 

subjected to a 2 (trial type: directly learned vs. associative inference) x 2 (accuracy: correct vs. 

incorrect) repeated measures ANOVA (note that this ANOVA is independent of the procedure 
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used to identify the neural activity). To ensure selectivity of the hippocampal ROI, the correct 

inference > incorrect inference contrast was inclusively with an anatomical bilateral anterior 

hippocampus mask generated using the Wake Forest University PickAtlas tool (WFU PickAtlas 

v3.0.5; http://fmri.wfubmc.edu/software/pickatlas; Maldjian, Laurienti, Kraft & Burdette, 2003).   

 Identifying ROIs for RSA. RSA was conducted within three ROIs identified by the above 

univariate analysis: 1) bilateral anterior hippocampus, 2) left inferior temporal gyrus (L. ITG), and 

3) posterior segment of the mPFC (i.e., the subcallosal gyrus). We chose to focus on the L. ITG as 

our content-reinstatement region for RSA given past work suggesting that this region is involved 

in the reinstatement of contextual information relevant to the current paradigm (i.e., objects/objects 

in context – the color of the couch; Han, Berg, Oh, Samaras & Leung, 2013; Kreigeskorte et al., 

2008; Ranganath, Cohen, Dam & D’Esposito, 2004; Vaidya, Zhao, Desmond & Gabrieli, 2002; 

Woloszyn & Sheinberg, 2009; for review, see Bar, 2004). We did not have a clear hypothesis as 

to the specific role of the L. IFG during the retrieval of contextual details after successful 

associative inference and therefore excluded it as an ROI for the RSA. Moreover, prior findings 

do not speak to a specific role of the L. IFG in either event separation or integration effects after 

successful inference (Schlichting et al., 2015). We note that we did hypothesize that the L. IFG 

may be involved with the controlled retrieval of, and resolving interference between, competing 

memory representations (see Introduction; Badre & Wagner, 2007; Oztekin, Curtis & McElree, 

2009) during the directly learned/associative inference test, and therefore included it in the 

univariate analysis (see above).  

 Due to the insufficient number of voxels in our univariate-defined functional ROIs (i.e., < 103 

voxels in each of three ROIs), we defined the three ROIs anatomically. Note that the same 

numerical patterns of results were observed using functional ROIs but were not significant (results 
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available upon request from the first author). The bilateral hippocampus and L. ITG were defined 

as the L. and R. hippocampus and L. ITG labels, respectively, of the Automated Anatomical 

Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002) as implemented in the WFU PickAtlas Tool 

(Maldjian et al., 2003). The subcallosal gyrus was defined using the Talairach Daemon Labels 

(Lancaster, Summerln, Rainey, Reitas & Fox, 1997; Lancaster et al., 2000) because the AAL atlas 

does not define this region. We chose the subcallosal gyrus as our posterior mPFC ROI given that 

this region overlapped with our univariate results and past work demonstrating this region’s role 

in event integration following successful associative inference (Schlichting et al., 2015). Given 

that previous studies have hypothesized that there are functional and representational differences 

along the hippocampal long axis (Collin, Milivojevic & Doeller, 2015; Frank, Bowman & 

Zeithamova, 2019) and our hypothesis implicating the anterior portion of the hippocampus in 

flexible recombination and cross-episode binding mechanisms (see Introduction), we segmented 

both the left and right hippocampus into three parts of approximately equal length (anterior: y = -

4 to -18, middle: y = -19 to -29, posterior: y = -30 to -40; Collin et al., 2015). We did not have any 

hypotheses with respect to hemispheric differences in the hippocampus and therefore combined 

the most anterior third of the left and right hippocampus into a single bilateral anterior hippocampal 

ROI. The number of voxels within each ROI was 2028 voxels in the anterior hippocampus, 6732 

voxels in the L. ITG, and 1135 voxels within the subcallosal gyrus. Figure 3.5a illustrates each of 

the ROIs.  

 RSA of fMRI Data. Analyses were conducted using the Princeton MVPA Toolbox 

(https://code.google.com/p/princeton-mvpa-toolbox/) and custom MATLAB scripts. Functional 

data from each ROI were preprocessed prior to RSA (for similar preprocessing steps, see Kuhl & 

Chun, 2014; Thakral et al., 2019). First, functional image preprocessing was conducted as 
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described above with the exception of spatial smoothing. Second, the data from each ROI were 

de-trended to remove linear and quadratic trends, and z-scored across voxels within each scanning 

session. Third, estimates of the voxel-wise BOLD response for each pre-exposure and detail 

retrieval trial were obtained by averaging the z-transformed BOLD signal between TRs 2-3 (i.e., 

the expected peak of the hemodynamic response) following the onset of each pre-exposure image 

and detail retrieval cue, respectively. The single trial estimates for each of the two sets of the detail 

retrieval trials (i.e., detail-before and detail-after) were concatenated with the corresponding pre-

exposure trials (i.e., pre-exposure trials from triads that were tested during detail-before vs. detail-

after sessions respectively), such that all relevant trials from the two tasks (i.e., detail retrieval and 

pre-exposure) were included in the detail-before and detail-after sessions. Single trial estimates for 

voxels in each ROI for each set of detail sessions (i.e., detail-before and detail-after sessions) were 

then z-scored across both trials and voxels in order to remove mean signal differences. The 

resulting z-transformed values were used in the RSA. 

 We used RSA to assess the similarity between patterns of neural activity during detail retrieval 

trials after successful associative inference and those when participants viewed the overlapping, 

yet incorrect context image during the pre-exposure phase. For each participant and each detail 

retrieval trial, we correlated activity patterns associated with the detailed retrieval of the currently 

cued event (e.g., event AB1) with the average pattern associated with viewing the overlapping, yet 

incorrect context during the pre-exposure phase (e.g., event BC1). We contrasted these ‘match’ 

correlations with ‘mismatch’ correlations between the activity patterns associated with the detailed 

retrieval of the currently cued event (e.g., event AB1) and average patterns associated with viewing 

all other unrelated context images (e.g., event BC4) that were from triads in the same bin (i.e., 

before vs. after directly learned/associative inference test, successful vs. unsuccessful inference 
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triads). For example, if event AB1 was a successful inference triad after the directly learned and 

associative inference test, ‘mismatch’ correlations would consist of event AB1 correlated with all 

average ‘BC’ patterns from the pre-exposure phase that were also from the successful inference 

after the directly learned/associative inference test bin (e.g., event BC4). For each participant, each 

ROI and each bin, we calculated a pattern similarity score (rmatch - rmismatch), which represents the 

item-specific reinstatement of overlapping, yet incorrect contextual details during retrieval (see 

Figure 3.2; for similar logic see Schlichting et al., 2015). Correlations were Fisher z-transformed 

before statistical analyses were conducted. 
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Figure 3.2. (A) Schematic of item-level reinstatement of overlapping, yet incorrect contextual 
details. A) For each anatomically defined ROI (i.e., bilateral anterior hippocampus – depicted 
above, L. ITG, bilateral subcallosal gyrus), the pattern of neural activity was extracted for every 
pre-exposure and detail retrieval trial. Patterns from the pre-exposure phase were averaged 
across all repetitions of the unique image. (B) Item-level reinstatement of overlapping, yet 
incorrect contextual details was measured by calculating the similarity between neural patterns 
during detail retrieval trials (e.g., AB1 detail retrieval) and neural patterns when participants 
viewed the overlapping, yet incorrect event context  during the pre-exposure phase (e.g., BC1 
pre-exposure; rmatch) relative to neural patterns from the pre-exposure phase from other unrelated 
contexts coded in the same triad bin (e.g., successful inference vs. unsuccessful inference, before 
vs. after; rmismatch). That is, if event ABC1 were a successful inference triad from after the test of 
directly learned/associative inference trials, the neural patterns associated with AB1 detail 
retrieval trials would be correlated with all other ‘BC’ pre-exposure patterns associated with 
successful inference triads whose detail retrieval questions also occurred after the test of directly 
learned/associative inference trials. rmatch relative to rmismatch represents the item-specific 
reinstatement of overlapping, yet incorrect contextual details. 
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To determine how flexible retrieval/cross-episode binding mechanisms supporting successful 

associative inference and subsequent false memories affects the neural representations of the 

retrieved events, pattern similarity scores for each participant were then subjected to three (one for 

each ROI: anterior hippocampus, L. ITG, posterior mPFC) 2 (time: before vs. after) x 2 (inference: 

successful vs. unsuccessful) repeated measures ANOVA. Increased pattern similarity during detail 

retrieval after successful inference compared to after unsuccessful inference would be expected if 

flexible recombination during the directly learned/associative inference task, which supports 

successful associative inference, also led participants to mistakenly transfer and bind contextual 

details across event boundaries (e.g., details from event ‘AB’ mistakenly bound to event ‘BC’). 

That is, pattern similarity scores (i.e., rmatch – rmismatch) reflect the reinstatement of the overlapping, 

yet incorrect contextual details independent of any pattern similarity that may be attributable to: 

1) general successful inference and/or repeated-retrieval related pattern similarity because 

‘mismatch’ correlations are only performed between triads from the same bin as the currently cued 

event and thus, act as a proxy for both general inference and repeated-retrieval related pattern 

similarity; 2) encoding of the overlapping ‘AB’ and ‘BC’ relationships and inferring the ‘AC’ 

relationship because pre-exposure trials occurred prior to ‘AB’ and ‘BC’ encoding and did not 

include any of the superimposed people or objects critical for learning such relationships; 3) 

perceptually-driven similarity between the pre-exposure phase and the detail retrieval trials 

because patterns were correlated during the ‘remember’ period of the detail retrieval trials where 

only the question and the cue person were presented on the screen, neither of which were present 

during the pre-exposure phase. Thus, pattern similarity results reported in the current study 

represent the item-specific reinstatement of overlapping, yet incorrect contextual details during the 

detail retrieval portions of the task. 
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Behavioral Results 

Directly Learned and Associative Inference Trials. First, we evaluated participants’ 

accuracy on directly learned and associative inference trials. Participants responded correctly on 

75% of directly learned trials (SE = 0.02) and 62% of associative inference trials (SE = 0.02). 

Consistent with prior work using similar associative inference paradigms (Carpenter & Schacter, 

2017, Carpenter & Schacter, 2018a, Carpenter & Schacter, 2018b, Zeithamova & Preston, 2010), 

we found significantly longer reaction times (RTs) on associative inference (Minference = 2429 msec, 

SE = 51) compared to directly learned trials (Mdirect = 2099 sec, SE = 41; t(28) = 9.76, p < .001, 

mean difference = 329, 95% CI [260, 399], d = 1.81), suggesting that there is an additional 

recombination-related retrieval mechanism required for successful inference under single-trial 

learning conditions.3  

False Memory. In order to determine how flexible recombination during retrieval supports 

both successful inference and subsequent false memories, false memory scores were subjected to 

a 2 (time: before vs. after) x 2 (inference: successful vs. unsuccessful) repeated measures ANOVA. 

Results revealed a time by inference interaction, F(1,28) = 5.61, p = .025, hp2 = 0.17, no main 

effect of time, F(1,28) < 1, p > .250, hp2 = 0.007, and no main effect of inference, F(1,28) < 1, p > 

.250, hp2 = 0.02 (see Figure 3.3). Subsequent paired t-tests revealed that the interaction was largely 

driven by higher false memory scores after successful inference (Msuccessful = 0.34, SE = 0.01) 

compared to after unsuccessful inference (Munsuccessful = 0.31, SE = 0.01; t(28) = 2.12, p = .043, 

mean difference = 0.03, 95% CI [0.001, 0.06], d = 0.39). There was a trend toward a significant 

difference between false memory scores after successful inference compared to before successful 

inference such that participants showed marginally higher false memory scores after (Mafter = 0.34, 
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SE = 0.01) compared to before successful inference (Mbefore = 0.32, SE = 0.01; t(28) = 1.85, p = 

.076, mean difference = 0.02, 95% CI [-0.002, 0.04], d = 0.34). Critically, there were no significant 

differences in false memory scores either before successful inference (Msuccessful = 0.32, SE = 0.01) 

compared to before unsuccessful inference (Munsuccessful = 0.33, SE = 0.02; t(28) < 1, p > .250, mean 

difference = 0.01, 95% CI [-0.02, 0.05], d = 0.11) or before (Mbefore = 0.33, SE = 0.02) compared 

to after unsuccessful inference (Mafter = 0.31, SE = 0.01; t(28) = 1.48, p = .15, mean difference = 

0.03, 95% CI [-0.01, 0.06], d = 0.27).4  
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Figure 3.3. Proportions of false, true, foil and unsure memory responses. Performance on detail 
retrieval trials was examined both before and after successful or unsuccessful inference. 
Importantly, only trials for which participants responded correctly on the directly learned trials 
and made either a correct or incorrect response on the associative inference trial were included in 
this analysis. Overall, participants true memory scores were significantly higher than false, foil 
and unsure memory scores. Importantly, overall false memory scores were also significantly 
higher than foil and unsure memory scores. Further, the false memory analysis of primary interest 
for the current study revealed a time by inference interaction where participants’ false memory 
scores were significantly higher after successful inference compared to after unsuccessful 
inference. Such results suggest that flexible recombination during retrieval, which supports 
successful associative inference, may also lead to memory error or distortion where details of the 
overlapping, yet incorrect event context are reactivated and mistakenly bound to the currently cued 
event. Circled cross denotes time by inference interaction. *** p ≤ .005, ** p ≤ .01, * p ≤ .05. Error 
bars represent ± 1 SEM. 
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True Memory. True memory scores were subjected to an ANOVA identical to that reported 

for false memory scores. Results revealed a significant main effect of time, F(1,28) = 8.62, p = 

.007, hp2 = 0.24, no significant main effect of inference, F(1,28) < 1, p > .250, hp2 = 0.001, and a 

significant time by target interaction, F(1,28) = 4.80, p = .037, hp2 = 0.15. Subsequent paired t-

tests revealed that the interaction was driven by a significant difference in true memory scores 

after (Mafter = 0.40, SE = 0.01) compared to before unsuccessful inference (Mbefore = 0.33, SE = 

0.02; t(28) = 3.29, p = .003, mean difference = 0.07, 95% CI [0.03, 0.11], d = 0.61). There was a 

trend toward a significant difference between true memory scores before successful inference 

(Msuccessful = 0.36, SE = 0.01) compared to before unsuccessful inference (Munsuccessful = 0.33, SE = 

0.02; t(28) = 1.83, p = .078, mean difference = 0.03, 95% CI [-0.003, 0.06], d = 0.34). Critically, 

there was no significant difference in true memory scores after successful inference (Msuccessful = 

0.37, SE = 0.01) compared to after unsuccessful inference (Munsuccessful = 0.40, SE = 0.01; t(28) = 

1.27, p = .21, mean difference = 0.02, 95% CI [-0.01, 0.06], d = 0.24) or after (Mafter = 0.37, SE = 

0.01) compared to before successful inference (Mbefore = 0.36, SE = 0.01; t(28) = 1.05, p > .250, 

mean difference = 0.02, 95% CI [-0.02, 0.05], d = 0.19).  

Foil Memory. Foil memory scores were subjected to an ANOVA identical to that reported for 

false and true memory scores. Results revealed a trend toward a significant main effect of time, 

F(1,28) = 4.01, p = .055, hp2 = 0.13, no significant main effect of inference, F(1,28) < 1, p > .250, 

hp2 < 0.001, and no significant time by inference interaction for foil memory scores, F(1,28) < 1, 

p > .250, hp2 = 0.004. Importantly, foil memory scores were similar both before (Mbefore = 0.24, SE 

= 0.01) compared to after successful inference (Mafter = 0.22, SE = 0.02; t(28) = 1.37, p = .18, mean 

difference = 0.02, 95% CI [-0.01, 0.05], d = 0.25) and before (Mbefore = 0.24, SE = 0.01) compared 

to after unsuccessful inference (Mafter = 0.22, SE = 0.01; t(28) = 1.72, p = .097, mean difference = 
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0.03, 95% CI [-0.005, 0.06], d = 0.32). Further, there were no significant differences in foil 

memory scores after successful (Msuccessful = 0.22, SE = 0.02) compared to unsuccessful inference 

(Munsuccessful = 0.22, SE = 0.01; t(28) < 1, p > .250, mean difference = 0.003, 95% CI [-0.03, 0.04], 

d = 0.03) or before successful (Msuccessful = 0.24, SE = 0.01) compared to unsuccessful inference 

(Munsuccessful = 0.24, SE = 0.01; t(28) < 1, p > .250, mean difference = 0.004, 95% CI [-0.03, 0.04], 

d = 0.05). 

Unsure Memory. Unsure memory scores were subjected to an ANOVA identical to that 

reported for false, true, and foil memory scores. Results revealed no significant main effects of 

time, F(1,28) = 1.30, p > .250, hp2 = 0.044, or inference, F(1,28) = 3.06, p = .091, hp2 = 0.098, and 

no significant time by inference interaction for unsure memory scores, F(1,28) < 1, p > .250, hp2 

< 0.001. Thus, unsure memory scores were similar both before (Mbefore = 0.08, SE = 0.02) and after 

(Mafter = 0.07, SE = 0.01) successful inference and before (Mbefore = 0.09, SE = 0.02) and after 

(Mafter = 0.08, SE = 0.02) unsuccessful inference (see Supplemental Results and Supplemental 

Figure 3.1 for overall rates of true, false, foil and unsure memory). 

 

fMRI Results 

Univariate Activity Supporting Successful Associative Inference. Successful associative 

inference related activity identified with the correct inference > incorrect inference contrast was 

observed in numerous brain regions including the anterior hippocampus, posterior mPFC and left 

IFG (see Figure 3.4; see also Supplemental Table 3.2 for a full list of regions). Importantly, these 

same three regions have been repeatedly identified by past work using similar associative inference 

paradigms (Preston, et al., 2004; Zeithamova & Preston, 2010; Schlichting et al., 2015) and are 

the focus for the ROI analyses reported here. In order to determine whether activity in these regions 
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supports successful associative inference beyond what is necessary for the successful retrieval of 

directly learned associations, we extracted activity from the three ROIs noted above (i.e., 

hippocampus, L. IFG, posterior mPFC) and subjected these parameter estimates to three 2 (trial 

type: directly learned vs. associative inference) x 2 (accuracy: correct vs. incorrect) repeated 

measures ANOVAs. Within our hippocampal ROI, results of the correct inference > incorrect 

inference contrast revealed two clusters in the left hippocampus (x = -16, y = -10, z = -18, spatial 

extent from y = -8 to -14 and x = -27, y = -7, z = -24, spatial extent from -5 to -10) and one cluster 

within the right hippocampus (x = 36, y = -8, z = -15, spatial extent from y = -8 to -20). The 

contrast of correct inference > incorrect inference also revealed two clusters within the L. IFG (x 

= -45, y = 30, z = -7 and x = -26, y = 34, z = -7) and three clusters within the posterior mPFC (x = 

4, y = 11, z = -16 and x = -3, y = 6, z = -14 and x = -6, y = 16, z = -22). We failed to find any 

evidence for differences amongst the clusters within each ROI (e.g., amongst the three clusters 

within the hippocampus; Fs < 1, ps > .250), thus clusters within each ROI were combined to form 

three single ROIs (i.e., bilateral hippocampus, L. IFG, and posterior mPFC).  
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Figure 3.4. Univariate successful inference effects identified with the correct inference > incorrect 
inference contrast. (A) Parameter estimates were extracted from three ROIs identified by the 
correct inference > incorrect inference contrast: hippocampus (x = -16, y = -10, z = -18 and x = -
27, y = -7, z = -24 and x = 36, y = -8, z = -16), posterior mPFC (i.e., subcallosal gyrus; x = 4, y = 
11, z = -16 and x = -3, y = 6, z = -14 and gyrus rectus; x = -6, y = 16, z = -22 ) and L. IFG (x = -
45, y = 30, z = -7and x = -26, y = 34, z = -7). Anterior hippocampal regions shown here are masked 
inclusively with the anatomically defined anterior hippocampus. (B) Parameter estimates for each 
ROI were subjected to a 2 (trial type: directly learned vs. associative inference) x 2 (accuracy: 
correct vs. incorrect) repeated measures ANOVA. Hippocampus, posterior mPFC and L. IFG 
regions showed significant trial type by accuracy interactions. Circled cross denotes time by 
inference interaction. *** p ≤ .005, ** p ≤ .01, * p ≤ .05. Error bars represent ± 1 SEM. 
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A significant trial type by accuracy interaction was found in the hippocampus, F(1,22) = 22.32, 

p < .001, hp2 = 0.50, the left IFG, F(1,22) = 12.49, p = .002, hp2 = 0.36, and the posterior mPFC, 

F(1,22) = 16.95, p < .001, hp2 = 0.44. In order to determine if there were any differences across 

regions in the pattern of results for the hippocampus, left IFG and posterior mPFC, beta values 

from these regions were subjected to a 3 (region: hippocampus vs. left IFG vs. posterior mPFC) x 

2 (trial type: directly learned vs. associative inference) x 2 (accuracy: correct vs. incorrect) repeated 

measures ANOVA. Results revealed a significant trial type by accuracy interaction, F(1,22) = 

38.88, p < .001, hp2 = 0.64, but critically no significant region by trial type by accuracy interaction, 

F(2,44) < 1, p > .250, hp2 = 0.04 (see Supplemental Tables 3.2 and 3.3 for full tables of correct > 

incorrect inference and correct > incorrect directly learned contrasts). Across all three regions, 

results revealed greater activation during correct inference compared to correct directly learned 

trials, t(22) = 4.21, p < .001, mean difference = 0.11, 95% CI [0.06, 0.17], d = 0.88. 

Evidence for Item-Level Reinstatement of Overlapping, Yet Incorrect Contextual Details 

After Successful Associative Inference. We argue that during successful inferential retrieval, 

partially overlapping ‘AB’ and ‘BC’ events are reactivated and flexibly recombined, allowing 

participants to infer the relationship between the non-overlapping ‘A’ and ‘C’ items. As a result, 

and consistent with past work (e.g., Schlichting et al., 2015), we hypothesized that the overlapping 

memories would become more similar to one another. While such increased neural similarity is 

beneficial in that it supports successful associative inference, it may also come with a cost, namely, 

source misattributions where contextual details from one event are misattributed as having come 

from the overlapping, yet incorrect event. Further, if such hippocampally-dependent flexible 

retrieval and cross-episode binding mechanisms that support successful inference do indeed result 
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in the misattribution of contextual details across event boundaries, these contextual details may be 

reinstated during subsequent retrieval attempts.  

In line with this theory, we hypothesized that after successful associative inference, neural 

patterns in the anterior hippocampus, L. ITG, and posterior mPFC would be more similar to neural 

patterns when participants viewed the overlapping, yet incorrect event context compared to after 

unsuccessful inference or before successful inference, reflecting the successful inference-

dependent reinstatement of contextual details from the overlapping, yet incorrect event. We 

correlated activity patterns associated with the detailed retrieval of the currently cued event (e.g., 

event AB1) with the average pattern associated with viewing the overlapping, yet incorrect event 

(e.g., event BC1) during the pre-exposure phase (i.e., rmatch). For example, when cued with the man 

in the blue shirt, our goal was to quantify the degree to which participants reinstated the 

overlapping, yet incorrect event context depicting the living room with the brown couch (i.e., rmatch, 

see Figure 3.1). We contrasted these rmatch correlations with rmismatch correlations between the 

activity patterns associated with the detailed retrieval of the currently cued event (e.g., event AB1) 

and average patterns associated with viewing all other unrelated context images (e.g., event BC4) 

that were from triads in the same bin (i.e., before vs. after directly learned/associative inference 

test, successful vs. unsuccessful inference triads). For example, when cued with the man in the 

blue shirt, rmismatch correlations reflect the degree to which participants reinstated all other unrelated 

event contexts from the same bin (e.g., the bowling alley context, see Figure 3.1).   

For each participant, ROI, and bin, we calculated a pattern similarity score (rmatch - rmismatch), 

which represented the item-specific reinstatement of overlapping, yet incorrect contextual details 

during retrieval (see Figure 3.2). Finally, in order to determine how flexible retrieval mechanisms 

that support successful associative inference and further result in false memories affect the neural 
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representations of the retrieved events, pattern similarity scores for each participant were then 

subjected to three (one for each ROI: anterior hippocampus, L. ITG, posterior mPFC; see Figure 

3.5a for anatomical masks) x 2 (time: before vs. after) x 2 (inference: successful vs. unsuccessful) 

repeated measures ANOVAs.  

In line with the role of the anterior hippocampus in the rapid binding of event details both 

within (Eichenbaum & Cohen, 2001; Hannula & Ranganath, 2008; Shimamura, 2010) and across 

event boundaries (Preston at al., 2004; Zeithamova & Preston, 2010; Zeithamova et al., 2012), we 

found evidence for item-specific reactivation of the overlapping, yet incorrect event context in the 

anterior hippocampus. Specifically, the ANOVA conducted on the pattern similarity scores 

revealed a significant time by inference interaction, F(1,22) = 6.12, p = .022, hp2 = 0.22, with 

greater pattern similarity scores after successful associative inference compared to after 

unsuccessful associative inference, t(22) = 3.18, p = .004, mean difference = 0.003, 95% CI [0.001, 

0.006], d = 0.65. Critically, there was no significant difference in pattern similarity scores before 

successful inference compared to before unsuccessful inference, t(22) < 1, p > .250, mean 

difference = 0.0002, 95% CI [-0.002, 0.002], d = 0.04.5  
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Figure 3.5. Results of representational similarity analysis using anatomically defined ROIs. (A) 
Analyses were conducted in three anatomically defined ROIs: bilateral anterior hippocampus, L. 
ITG, and posterior mPFC (i.e., subcallosal gyrus). (B) Pattern similarity scores were subjected to 
a 2 (time: before vs. after) x 2 (inference: successful vs. unsuccessful) repeated measures 
ANOVA. Results revealed a significant time by inference interaction in bilateral anterior 
hippocampus, L. ITG and the posterior portion of the mPFC suggesting that neural patterns 
during retrieval of contextual details following successful associative inference, become more 
similar to the overlapping, yet incorrect context compared to after unsuccessful inference. Thus, 
flexible recombination mechanisms that support successful associative inference also change the 
neural representations of the original events that allow for such successful inference. Circled 
cross denotes time by inference interaction. *** p ≤ .005, ** p ≤ .01, * p ≤ .05. Error bars 
represent ± 1 SEM.   
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The foregoing results support the hypothesis that during successful associative inference 

flexible recombination/cross-episode binding mechanisms linked to the anterior hippocampus may 

result in the mistaken binding of contextual details from event to the overlapping, yet incorrect 

source. Additional evidence for the reinstatement of contextual details from the overlapping, yet 

incorrect event may manifest in content-reinstatement regions similarly to how reinstatement of 

correct event details in such regions supports successful retrieval. In line with this hypothesis, 

results revealed a significant time by inference interaction, F(1,22) = 7.90, p = .010, hp2 = 0.26, in 

our content-reinstatement region (i.e., L. ITG). Subsequent t-tests revealed greater pattern 

similarity after successful associative inference compared to after unsuccessful associative 

inference, t(22) = 2.33, p = .029, mean difference = 0.002, 95% CI [0.0003, 0.004], d = 0.48. 

Further, results revealed greater pattern similarity after successful associative inference compared 

to before successful associative inference, t(22) = 3.26, p = .004, mean difference = 0.003, 95% 

CI [0.001, 0.005], d = 0.68. Importantly, there was no significant difference in pattern similarity 

scores before successful inference compared to before unsuccessful inference, t(22) = 1.69, p = 

.11, mean difference = 0.002, 95% CI [-0.0005, 0.005], d = 0.35.  

In our final ROI, the posterior mPFC, the ANOVA revealed a significant time by inference 

interaction, F(1,22) = 4.94, p = .037, hp2 = 0.18. Subsequent t-tests revealed a trend toward greater 

pattern similarity after successful associative inference compared to after unsuccessful associative 

inference t(22) = 1.92, p = .068, mean difference = 0.004, 95% CI [-0.0003, 0.008], d = 0.40. 

Identical to results in the anterior hippocampus and L. ITG, results revealed no significant 

difference in pattern similarity scores before successful inference compared to before unsuccessful 

inference t(22) = 1.09, p > .250, mean difference = 0.002, 95% CI [-0.002, 0.005], d = 0.23.6 Taken 

together, results show that after successful associative inference, when participants attempt to 



 144 

retrieve contextual details associated with the currently cued event, neural patterns are more 

similar to when participants were viewing the overlapping yet, incorrect event context relative to 

all other event contexts that were also from successful inference triads after the test of directly 

learned/associative inference trials (see Figure 3.5b for results).  

RSA Control Analyses. We conducted a set of control ROI analyses to determine the 

selectivity of the present RSA results. In line with the current results, past work using a similar 

associative inference paradigm and RSA found evidence for event integration in the anterior 

hippocampus and posterior mPFC (Schlichting et al., 2015). Of importance, the same study failed 

to find such integration effects in the posterior hippocampus and anterior mPFC; rather these 

regions showed evidence of event separation following integration during encoding (Schlichting 

et al., 2015). Therefore, we chose the posterior hippocampus and anterior mPFC to serve as within-

anatomical control ROIs where we predicted to find no evidence of greater pattern similarity scores 

after successful relative to unsuccessful associative inference. The current control analyses focus 

only on the posterior hippocampus and anterior mPFC because there is no equivalent anatomical 

control region for the L. ITG.  

To confirm that the above RSA results were specific to the anterior hippocampus and posterior 

mPFC, we conducted two control analyses by comparing the pattern similarity in posterior 

hippocampus and anterior mPFC before versus after successful and unsuccessful inference (for 

full details see Supplemental Figure 3.3). The posterior hippocampus (1369 voxels) was identified 

as the most posterior third of the hippocampus (y=-30 to y=-40; Collin et al., 2015) and the anterior 

mPFC (1247 voxels) was defined via a 12mm sphere centered at the peak event separation 

coordinates (x = 1, y = 58, z = -20) reported by Schlichting and colleagues (2015). Pattern 

similarity effects were computed in the analogous fashion to the anterior hippocampus and 
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posterior mPFC and were subjected to an identical ANOVA. Results revealed no significant time 

by inference interaction in either the posterior hippocampus or the anterior mPFC, (Fs < 1, ps > 

.250; see Supplemental Figure 3.3). Given that there were no significant differences in the pattern 

of results across the anterior hippocampus and posterior mPFC, we collapsed across ‘active’ (i.e., 

anterior hippocampus and posterior mPFC) and ‘control’ (i.e., posterior hippocampus and anterior 

mPFC) regions. Given that significant differences between pattern similarity scores for successful 

and unsuccessful inference triads were only found after the directly learned/associative inference 

test, we conducted a 2 (region: active vs. control) by 2 (inference: successful vs. unsuccessful) 

ANOVA focusing only on triads that were tested after the directly learned/associative inference 

test. Critically, the ANOVA revealed a significant region by inference interaction, F(1,22) = 8.96, 

p = .007, hp2 = 0.29, suggesting that our pattern similarity effects, where pattern similarity scores 

were greater only after successful associative inference compared to unsuccessful inference, were 

indeed unique to the anterior hippocampus and posterior mPFC. That is, the present results suggest 

that the rapid binding of event details across event boundaries may be unique to the anterior 

hippocampus and, similar to the anterior-posterior distinction in the hippocampus, event 

integration/generalization processes may be unique to the posterior segment of the mPFC. 

Reinstatement of Contextual Details from the Overlapping, Yet Incorrect Event in 

Anterior Hippocampus Correlates with L. ITG Reinstatement as a Result of Successful 

Associative Inference. The anterior hippocampus has been hypothesized to support successful 

retrieval by driving the reinstatement of encoding-related cortical activity in response to a partial 

event cue (i.e., pattern completion; Bosch et al. 2014, Pacheco Estefan et al., 2019; Gordon et al., 

2014; Ritchey et al., 2013; Staresina et al., 2012; Tompary et al., 2016). Hippocampally-driven 

cortical reinstatement of such event details during retrieval has further been shown to track 
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participants’ memories for various aspects of an event (c.f., Gordon et al., 2014). In line with this 

hypothesis, we asked whether pattern similarity to the overlapping, yet incorrect event in the 

anterior hippocampus during retrieval affected the reinstatement of contextual details that were 

mistakenly bound to the overlapping, yet incorrect event in the L. ITG (i.e., our hypothesized 

content-reinstatement ROI) as a result of successful associative inference. To test this hypothesis, 

we first calculated the pattern similarity score (rmatch – rmismatch) for each trial within each bin in 

both anterior hippocampus and L. ITG ROIs. As reported above, the trial-wise pattern similarity 

scores reflect the similarity in the pattern of neural activity when, for example, participants are 

cued to retrieve contextual details associated with event AB1 and when participants viewed event 

BC1 context during the pre-exposure phase, relative to all other ‘BC’ event contexts from the same 

bin. Thus, trial-wise pattern similarity scores here reflect representational overlap between the 

currently cued event and the overlapping, yet incorrect event context. Next, for each participant 

and each bin, we correlated pattern similarity scores in the anterior hippocampus with pattern 

similarity scores in the L. ITG during the detail retrieval task (see Figure 3.6a).  
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Figure 3.6. (A) Schematic of hypothesized relationship between pattern similarity scores in the 
anterior hippocampus and L. ITG during the detail retrieval task. (B) Results revealed that 
pattern similarity scores in the anterior hippocampus were positively correlated with pattern 
similarity scores in the L. ITG for successful inference triads tested both before and after the 
directly learned/associative inference test, suggesting that representational overlap in the anterior 
hippocampus as a result of successful associative inference may drive the subsequent 
reinstatement of contextual details that were mistakenly bound to the incorrect context in 
‘content-reinstatement’ regions (i.e., L. ITG). No significant relationships were found for 
unsuccessful inference triads tested either before or after the directly learned/associative 
inference test. *** p ≤ .005, ** p ≤ .01, * p ≤ .05. Error bars represent ± 1 SEM.   
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Results revealed that for successful inference triads both before and after the directly 

learned/associative inference test, there was a significant positive relationship between pattern 

similarity scores in the anterior hippocampus and the L. ITG (before successful inference: t(22) = 

2.19, p = .039, mean difference = 0.07, 95% CI [0.004, 0.14], d = 0.46; after successful inference: 

t(22) = 2.99, p = .007, mean difference = 0.12, 95% CI [0.04, 0.20], d = 0.62). There was a trend 

toward a significant hippocampus-ITG relationship for unsuccessful inference triads before the 

directly learned/associative inference test, t(22) = 1.88, p = .074, mean difference = 0.09, 95% CI 

[-0.009, 0.18], d = 0.39, and no significant relationship for unsuccessful inference triads after the 

directly learned/associative inference test, t(22) < 1, p > .250, mean difference = 0.03, 95% CI [-

0.08, 0.14], d = 0.12. That is, a significant hippocampus-ITG relationship during retrieval was only 

found for successful inference triads where the overlapping ‘AB’ and ‘BC’ event representations 

were either successfully integrated during encoding or flexibly recombined during retrieval (see 

Figure 3.6b).  

Univariate Hippocampal Effects During Successful Inferential Retrieval Correlate with 

Overlapping, Yet Incorrect Context Reinstatement in L. ITG. We hypothesized that flexible 

recombination/cross-episode binding mechanisms active during the directly learned/associative 

inference test result in contextual details being mistakenly bound to the overlapping, yet incorrect 

event context. Further, we hypothesized that the degree to which these misbound contextual details 

are reinstated during subsequent retrieval attempts should track with participants’ false memory 

scores. In order to test the first element of our hypothesis, we correlated the strength of our 

univariate activity effects in the anterior hippocampus during the directly learned/associative 

inference test (i.e., correct inference > incorrect inference relative to correct directly learned > 

incorrect directly learned) with the subsequent strength of the pattern similarity effects in our 
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hypothesized content reinstatement region (i.e., L. ITG) during the detail retrieval task. Results 

revealed that the strength of univariate effects in the anterior hippocampus was positively 

correlated with the degree to which neural patterns in the L. ITG became more similar to the 

overlapping, yet incorrect event context after successful inference relative to unsuccessful 

inference, r = 0.43, p = 0.041 (see Figure 3.7a). 
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Figure 3.7. (A) Results of across-subject anterior hippocampus univariate and overlapping, yet 
incorrect context reinstatement in L. ITG correlation. Results revealed a significant positive 
relationship between the strength of univariate activity effects and subsequent overlapping, yet 
incorrect context reinstatement effects in the L. ITG, suggesting that the greater the flexible 
recombination/cross-episode binding mechanisms during correct compared to incorrect 
associative inference trials the greater the degree to which overlapping, yet incorrect contextual 
details are reinstated after compared to before successful associative inference relative to 
unsuccessful inference. (B) Results of across-subject overlapping, yet incorrect context 
reinstatement and behavioral false memory effects correlation. Results revealed a significant 
positive relationship between the strength of the overlapping, yet incorrect context reinstatement 
effects in the L. ITG and the strength of the behavioral false memory effects, suggesting that the 
degree to which overlapping, yet incorrect contextual details are reinstated after compared to 
before successful associative inference relative to unsuccessful inference supports the change in 
participants’ attribution of such overlapping, yet incorrect misinformation details to the currently 
cued event after successful inference compared to before successful associative inference, 
relative to unsuccessful inference. 
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Overlapping, Yet Incorrect Context Reinstatement in L. ITG Correlates with Behavioral 

False Memory Effects. Next, we correlated the strength of the pattern similarity effects in our 

hypothesized content-reinstatement region (i.e., L. ITG) with the strength of our behavioral false 

memory effects in order to determine whether successful inference related changes in overlapping, 

yet incorrect context reinstatement in the L. ITG were indeed related to participants’ false memory 

scores. Results revealed that the degree to which neural patterns in the L. ITG became more similar 

to the overlapping, yet incorrect event context after successful inference compared to before 

relative to unsuccessful inference was positively correlated with participants’ false memory effects 

r = 0.51, p = 0.012 (see Figure 3.7b), suggesting that reinstatement of contextual details from the 

overlapping, yet incorrect event may be responsible for successful inference-related changes in 

participants’ false memory scores. 

Role of Content-Reinstatement Regions in Mediating the Relationship Between 

Hippocampal Mechanisms Supporting Successful Inference and Behavioral False Memory 

Effects. As a final analysis, we examined whether univariate effects in the anterior hippocampus, 

representing the degree of recombination/cross-episode binding during the directly 

learned/associative inference test, indirectly affects participants’ detail memory responses via the 

cortical reinstatement of contextual details from overlapping events. The goal of the current 

analysis was to link the univariate results of the directly learned/associative inference test and the 

RSA results from the separate detail retrieval test. That is, the following mediation analysis aimed 

to reveal the relationship across the two tasks that participants were asked to complete, rather than 

understanding the mechanisms at play during each individual task (see above results and Figure 

3.6 for a discussion of how the anterior hippocampus may drive the reinstatement of the 

overlapping, yet incorrect event in the L. ITG during the detail retrieval test).  
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In order to assess the relationship between univariate activity effects in the anterior 

hippocampus, overlapping, yet incorrect context reinstatement effects and behavioral false 

memory effects, we subjected univariate activity effects from our bilateral anterior hippocampus 

ROI from the directly learned/associative inference test and participants’ false memory effects to 

a mediation analysis with pattern similarity effects from the detail retrieval task within our content-

reinstatement region (i.e., L. ITG), posterior mPFC, and bilateral anterior hippocampus as our 

three potential mediators (see Figure 3.8).  
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Figure 3.8. Depiction of exploratory mediation analysis linking univariate activity effects in 
bilateral anterior hippocampus during directly learned/associative inference test to subsequent 
changes in representational similarity during the detail retrieval task to the strength of the 
behavioral false memory effects. Numeric labels reflect standardized path coefficients (STE). 
Path thickness indicates the statistical significance of each direct effect. *** indicates indirect 
effect of significance, p = .02. Results revealed a significant indirect effect of univariate activity 
during the directly learned/associative inference test on subsequent false memory effects via 
changes in representational similarity in our content reinstatement region – L. ITG (i.e., solid 
lines). Indirect effects via changes in representational similarity in bilateral anterior hippocampus 
and posterior mPFC were not significant (i.e., dashed lines).  
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The mediation analysis was conducted via the Multilevel Mediation and Moderation toolbox 

with 10,000 bootstrap samples (Wager et al., 2009; Atlas et al., 2010). The independent variable 

was correct inference > incorrect inference (relative to correct directly learned > incorrect directly 

learned) univariate activity from our bilateral anterior hippocampus ROI. Pattern similarity effects 

in the L. ITG, posterior mPFC and bilateral anterior hippocampus were included as our mediating 

variables and behavioral false memory effects were included as our dependent variable. Significant 

mediation was identified by the interaction of path a (univariate effects to pattern similarity effects) 

and path b (pattern similarity effects to false memory effects). Results revealed a significant 

indirect/mediation effect relating univariate anterior hippocampal activity effects during the 

directly learned/associative inference test with subsequent behavioral false memory effects when 

this relationship was mediated by pattern similarity effects in the L. ITG, mediation effect ab = 

0.11 (0.06), p = .02. No other potential indirect pathways relating univariate activity during the 

directly learned/associative inference task to false memory effects from the detail retrieval task 

(e.g., univariate to posterior mPFC or univariate to anterior hippocampus) were not significant, all 

ps > .250 (see Figure 3.8). 

 

Discussion 

 The current results provide evidence linking hippocampally-dependent flexible 

recombination/cross-episode binding mechanisms that support successful associative inference to 

both the neural reinstatement of contextual information from the overlapping, yet incorrect event 

following successful inference and subsequent behavioral false memory scores. We highlight five 

key findings of the current study. First, univariate results corroborate past studies and provide 

evidence for the involvement of the anterior hippocampus, posterior mPFC, and L. IFG regions in 
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successful associative inference. Second, a neurally derived measure of trial-wise pattern similarity 

to the overlapping, yet incorrect event in the anterior hippocampus, posterior mPFC and L. ITG 

was greater after successful compared to unsuccessful inference. Third, the degree of reinstatement 

of overlapping, yet incorrect contextual details in the anterior hippocampus was positively 

correlated with the degree of reinstatement in our content-reinstatement region (i.e., the L. ITG). 

Fourth, the degree to which the incorrect, but related scene was reinstated in L. ITG tracked 

participants’ false memory effects, with greater reinstatement leading to more memory 

misattributions. Fifth, the univariate effects in the anterior hippocampus during the directly 

learned/associative inference task were positively correlated with the degree of successful 

inference-related changes in the reinstatement of contextual details from the overlapping, yet 

incorrect event in our content-reinstatement region during the detail retrieval task. Collectively, 

these results suggest that flexible recombination/cross-episode binding mechanisms that support 

successful associative inference result in the mistaken binding of contextual details from one event 

to the overlapping, yet incorrect event context. Further, patterns of hippocampal activity during 

retrieval may drive the reinstatement of these misbound contextual details in content-sensitive 

cortical regions. Finally, the degree of overlapping, yet incorrect context reinstatement in such 

content-reinstatement regions may result in the misattribution of such misbound details to the 

currently cued event.  

Hippocampal and Prefrontal Retrieval Processes Support Successful Associative 

Inference. In line with past work by Zeithamova and Preston (2010), we found univariate evidence 

for the involvement of anterior hippocampus, posterior mPFC and L. IFG regions in successful 

associative inference. The anterior hippocampus has been implicated in the flexible retrieval and 

rapid binding of associative information both within (Eichenbaum & Cohen, 2001; Hannula & 
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Ranganath, 2008; Shimamura, 2010) and across event boundaries (Preston at al., 2004; 

Zeithamova & Preston, 2010; Zeithamova et al., 2012). Specifically, in line with the current 

results, past studies using a similar associative inference task have linked the anterior hippocampus 

to the flexible reactivation and recombination of discrete ‘AB’ and ‘BC’ event representations in 

order to infer the relationship between the non-overlapping ‘A’ and ‘C’ items (Preston et al., 2004; 

Zeithamova & Preston, 2010).    

Prefrontal regions including the posterior mPFC and L. IFG have been implicated in the 

integration of incoming information with existing knowledge structures and interference resolution 

for similar or competing items in memory, respectively. Specifically, past work has suggested a 

role for posterior mPFC regions in the integration of information into existing knowledge schemas 

during new learning (e.g., Bonasia et al., 2018). Schemas are organized knowledge frameworks 

related to a particular subject or event that support our ability generalize across event boundaries 

to extract the general or most common features of multiple related events (Bartlett, 1932). In a 

similar vein as integrated/recombined representations supporting successful associative inference, 

schemas allow for relationships between common event elements that have not been directly 

experienced together. That is, in a novel context, schemas may provide a framework by which 

expectations can be drawn based on past experiences with similar or conceptually-related contexts. 

As suggested by past work (Zeithamova, Schlichting & Preston, 2012), such schema-based 

generalization and abstraction across event boundaries may rely on similar processes and/or 

representations that support successful associative inference (Bowman & Zeithamova, 2018; 

Schlichting et al., 2015; Spalding et al., 2018; Tse et al., 2011; van Kesteren, Fernandez et al., 

2010; van Kesteren, Rijpkema et al., 2010; Zeithamova et al., 2012; for a similar view, see also 

Nieuwenhuis & Takashima, 2011). Finally, IFG regions have been implicated in the controlled 
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retrieval of and interference resolution among competing memory representations (Badre & 

Wagner, 2007; Oztekin, Curtis & McElree, 2009). Consistent with controlled retrieval/interference 

resolution interpretation of L. IFG function, we found greater L. IFG activity for successful 

inference compared to unsuccessful inference trials potentially because successful associative 

inference requires the reactivation and manipulation of similar, partially overlapping ‘AB’ and 

‘BC’ representations and presumably requires greater interference resolution than the retrieval of 

a single directly learned representation. 

 Pattern Similarity to the Overlapping, Yet Incorrect Event in the Hippocampus, 

Posterior mPFC and Content-Reinstatement Regions as a Result of Successful Associative 

Inference. During the detail retrieval task, we found greater neural pattern similarity between the 

currently cued event and the overlapping, yet incorrect context after successful inference compared 

to after unsuccessful inference in the anterior hippocampus, posterior mPFC and our content-

reinstatement region (i.e., the L. ITG).  Critically, we correlated memory-based patterns of activity 

during the detail retrieval task with neural patterns when participants viewed the overlapping, yet 

incorrect event context during the pre-exposure phase, which occurred prior to participants 

learning the overlapping ‘AB’ and ‘BC’ associations, and quantified our pattern similarity effects 

by taking correlations from the same relative to different event triads. That is, pattern similarity 

effects reported in the current study reflect the item-specific reinstatement of the overlapping, yet 

incorrect event context, independent of any general successful inference related processes or any 

perceptual similarities between the ‘encoding’ (i.e., pre-exposure) and retrieval phases.  

We hypothesized that hippocampally-dependent flexible recombination and cross-episode 

binding mechanisms that support successful associative inference would result in a more integrated 

hippocampal representation on subsequent retrieval attempts, which would further result in the 
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mistaken reinstatement of event elements from the overlapping, yet incorrect event context via 

hippocampally-driven cortical reinstatement mechanisms. In line with this hypothesis, during the 

detail retrieval task for successful inference triads, we found a significant positive relationship 

between pattern similarity scores in the anterior hippocampus and the L. ITG. This finding 

suggests that pattern similarity effects in the anterior hippocampus may result in the reinstatement 

of overlapping, yet incorrect contextual details in content-selective cortical regions potentially via 

erroneous pattern completion processes (whereby elements of overlapping, yet incorrect context 

are mistakenly reinstated in response to the cue person).  

Such false memory results are consistent with past research demonstrating that, under certain 

circumstances, false memories can be accompanied by the false reactivation of content-sensitive 

cortical regions (e.g., Aminoff, Schacter & Bar, 2008; Kahn, Davachi & Wagner, 2004; Karanian 

& Slotnick, 2017; Karanian & Slotnick, 2018; Kurkela & Dennis, 2016; Slotnick & Schacter, 

2004). They also fit with work showing that the reinstatement or reminders of past contextual 

information during new learning, can result in source misattributions where new information is 

mistakenly remembered as having come from the original context (Hupbach, Hardt, Gomez & 

Nadel, 2008; Hupbach, Gomez, Hardt & Nadel, 2007; Hupbach, Gomez & Nadel, 2009; 

Gershman, Schapiro, Hupbach & Norman, 2013).  Such studies show that the same regions active 

during encoding may come online both for the retrieval of true and false memories and also during 

new learning resulting in source misattributions. By contrast, the current results demonstrate that 

false memories can be supported by the item-specific reinstatement of contextual details (for 

related work see also Liang & Preston, 2017; Kim, Norman & Turk-Browne, 2019) and further, 

that flexible retrieval-related changes in false contextual reinstatement track such changes in 

participants’ false memory scores. 
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Relating Flexible Recombination Mechanisms During Successful Associative Inference 

to the Neural Reinstatement of Contextual Details from the Overlapping, Yet Incorrect 

Event and Behavioral False Memories.  Given past work suggesting that flexible retrieval 

mechanisms may come at a cost – namely, the misattribution of contextual details from one event 

to the overlapping yet incorrect event - we hypothesized that hippocampally-dependent flexible 

retrieval processes active during the directly learned/associative inference test may drive 

subsequent reinstatement of contextual details from the overlapping, yet incorrect event in our 

content-reinstatement region, and further that this contextual reinstatement in our content-

reinstatement region may drive participants behavioral false memory effects. In line with this 

hypothesis, we found that individual differences in inference-related univariate hippocampal 

activity, representing flexible recombination/cross-episode binding mechanisms during the 

directly learned/associative inference test, were positively correlated with the change in inference-

related reinstatement of contextual details from the overlapping, yet incorrect event in our content-

reinstatement region. Further, the change in successful inference-related reinstatement of 

contextual details from the overlapping, yet incorrect event in our content-reinstatement region 

was positively correlated with participants’ behavioral false memory effects. In sum, these results 

suggest that the greater the degree to which participants recombined the partially overlapping ‘AB’ 

and ‘BC’ events in order to infer the relationship between the non-overlapping ‘A’ and ‘C’ 

elements, the greater the reinstatement of specific contextual details that were mistakenly bound 

to the overlapping, yet incorrect event as a result of successful associative inference. Further, the 

reinstatement of contextual details from the overlapping, yet incorrect event during subsequent 

retrieval attempts is what drives the behavioral false memory effects.   
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In a mediation analysis aimed at linking anterior hippocampal univariate activity effects during 

the directly learned/associative inference test and behavioral false memory effects via pattern 

similarity effects in our three ROIs, we found a significant indirect effect of univariate activity in 

the anterior hippocampus during the directly learned/associative inference task on subsequent false 

memory scores via the reinstatement of contextual details from the overlapping, yet incorrect event 

in the L. ITG (i.e., our content-reinstatement region). While results of the current mediation 

analysis should be considered exploratory given the small sample size for an across-subjects 

mediation effect (Fritz & MacKinnon, 2007), they are in line with the results of the previously 

reported correlations and suggest that recombination/cross-episode binding-related activity during 

the directly learned/associative inference task may be related to subsequent changes in similarity 

in regions that are important for reinstating encoding-related perceptual information during 

retrieval. Future research should attempt to clarify the role of flexible retrieval processes in the 

reinstatement of subsequent event details using larger sample sizes and a task more suited for 

classic mediation analyses.  

 Conclusion. Together, our findings suggest that hippocampally-dependent flexible 

recombination/cross-episode binding mechanisms support successful associative inference and 

these same flexible retrieval processes result in the neural representations of the original event 

becoming more similar to the overlapping, yet incorrect context during subsequent retrieval 

attempts. Further, the degree to which these overlapping, yet incorrect contextual details were later 

reinstated after successful inference compared to after unsuccessful inference (relative to 

reinstatement effects before successful compared to unsuccessful inference) in content-

reinstatement regions tracked participants false memory effects. These findings suggest that our 

false memory effects were the result of the mistaken binding of contextual details from the 
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overlapping yet incorrect event context to the currently cued event as a result of successful 

associative inference.  

 More generally, and in line with the tenets of the constructive episodic simulation hypothesis 

discussed at the outset (Schacter & Addis, 2007a, 2007b, in press), our results provide novel 

neuroimaging evidence that directly links flexible retrieval and recombination processes with 

memory errors that result from adaptive uses of those processes, which in our paradigm involve 

supporting successful associative inference. Accordingly, these results also lend novel neural 

support to the broader idea that memory errors and distortions are produced by adaptive 

constructive processes (Schacter, 2012) that support diverse functions, including future event 

simulation, semantic processing, and memory updating (e.g., Chadwick et al., 2016; Dewhurst, 

Anderson, Grace, & Van Esch, 2016; Howe, 2011; Howe & Garner, 2018; Schacter et al., 2011; 

for a recent review, see Schacter, Carpenter, Devitt, & Thakral, in press). We think that future 

studies that elucidate neural basis of such effects will contribute importantly to our understanding 

of the constructive nature of memory and cognition. 

 .   
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Footnotes 
 
1 Given the problem of multiple comparisons associated with a whole-brain searchlight approach 
and other related issues (see Etzel, Zacks & Braver, 2013) and that we had strong apriori 
hypotheses regarding the role of the anterior hippocampus, posterior mPFC and our content-
reinstatement region in our current task, we focused the RSA analyses to only three predetermined 
ROIs. Future, more exploratory, work should attempt to determine the role of other core network 
regions typically involved with episodic memory related tasks in successful associative inference 
and subsequent false memories.  
 
2 As a part of a previous unpublished study, eight participants were asked to rate the distinctiveness 
of each ‘AB’ and ‘BC’ image from a larger set of 60 ABC triads previously created for another 
study on a scale from 1 to 9 (1 = not at all distinctive, 9 = extremely distinctive). The current set 
of 48 ABC triads were chosen from the larger set of 60 ABC triads based on the distinctiveness 
ratings of this previous group of participants. That is, we chose the 48 most distinctive ABC triads 
(Mdistinctive = 4.18, SE = 0.56) for the current study from a set of 60 ABC triads that had been 
constructed for a previous study (Mindistinctive = 3.01, SE = 0.30; t(7) = 3.15, p = .016, mean 
difference = 1.17, 95% CI [0.29, 2.05], d = 1.12). 
 
3 In order to get adequate trial numbers for fMRI analyses, we doubled the number of triads 
participants were asked to learn relative to previous studies (24 vs. 48 triads; Carpenter & Schacter, 
2017), thus increasing the difficulty of the associative inference task. Consequently, reaction time 
results from the directly learned/associative inference task showed higher levels of non-
compliance/guessing on some successful associative inference trials reflected by a higher 
proportion of successful inference triads showing a negative reaction time (RT) difference. That 
is, for a subset of successful inference triads, participants responded significantly faster on the 
associative inference trial than on the corresponding directly learned trials. Under the current 
experimental conditions (i.e., single-trial learning with limited encoding time), it is highly unlikely 
that the indirect inference relationships would be easier to retrieve/more readily available than 
those relationships that participants directly learned. If participants were performing the 
associative inference task as instructed, one would expect RT differences to be zero (i.e., if the 
overlapping ‘AB’ and ‘BC’ representations were integrated during encoding) or positive (i.e., if 
the overlapping ‘AB’ and ‘BC’ representations were recalled and recombined during test). Thus, 
such ‘successful inference’ triads with largely negative RT differences likely reflect guessing/non-
compliance on the more effortful recall-based inference trial compared to the more recognition-
based directly learned trials. As a result of such non-compliance/guessing in the current study, we 
excluded any ‘successful inference’ triads where the difference in RTs on correct inference and 
correct directly learned trials for the triad was more than two standard deviations below the mean. 
This exclusionary criterion was performed for triads that were tested both before and those triads 
tested after the directly learned and associative inference test and resulted in 10 outlier triads across 
all 29 participants being excluded from all analyses with no single participant losing more than 3 
triads total (2% of total successful inference triads). Thus, all reported behavioral and fMRI results 
in the current study reflect only triads where participants indeed took the time necessary to either 
retrieve the previously integrated ABC representation or retrieve and flexibly recombine the 
previously learned ‘AB’ and ‘BC’ relationships in order to infer the indirect ‘AC’ relationship 
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during test rather than including outlier triads with RT patterns that likely suggest guessing/non-
compliance.  
 
4 See Supplemental Figure 3.2 for a reaction time-based approach relating recombination-related 
RT differences on the directly learned/associative inference test to participants’ false memory 
scores on the detail retrieval task.  
 
5 Our analytic approach of examining differences in correlations across bins relative to the 
magnitude of individual correlations vs. 0 is consistent with past RSA studies of episodic 
memory (e.g., Ritchey et al., 2013; Kuhl & Chun 201; Wing et al., 2015). We believe that tests 
within a given bin relative to 0 are not easily interpretable because baseline similarity can be 
driven by various factors (e.g., vascularity; Haynes, 2015; Bhandari, Gagne & Badre, 2018). To 
control for such non-specific differences and directly test our hypotheses of greater reinstatement 
of overlapping yet, incorrect contextual details after successful relative to unsuccessful inference, 
we chose to compare the magnitude of the correlation across bins (e.g., before vs. after and 
successful vs. unsuccessful inference) and to not include the results of t-tests vs. 0. 
 
6 In order to determine if pattern similarity scores differed as function of ROI, we subjected 
participants’ pattern similarity scores to a 3 (region: anterior hippocampus vs. L. ITG vs. 
posterior mPFC) x 2 (time: before vs. after inference) x 2 (inference: successful vs. unsuccessful) 
repeated measures ANOVA. Importantly, results revealed a significant time by inference 
interaction, F(1,22) = 15.55, p = .001, hp2 = 0.41, but no significant region by time by inference 
interaction, F(2,44) < 1, p > .250, hp2 = 0.02, suggesting that the overall patterns of results in our 
three ROIs were not significantly different from one another.   
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Dissertation General Discussion 

The current three papers highlight (a) how flexible recombination during retrieval supports 

successful inference but also results in heightened susceptibility to source memory errors where 

contextual scene or value-based details are misattributed from the original event to the overlapping 

event, (b) how the consequences of such flexible recombination mechanisms are affected by 

healthy aging, and (c) how the neural representations of overlapping, yet distinct events change as 

a result of flexible retrieval.  

In Paper 1 (Carpenter & Schacter, 2018a), we used a modified monetary incentive encoding 

task and our modified associative inference task to determine whether value, similar to contextual 

scene details, may be mistakenly transferred across event boundaries. The three experiments 

reported in Paper 1 provide evidence that the same flexible retrieval mechanisms that support 

successful associative inference further allows for updating of reward-contexts in memory that 

bias novel value-based decisions. Results of Experiments 1 and 2 revealed that after successful 

relative to unsuccessful inference, participants were more likely to misattribute the specific 

reward-context associated with an item to the overlapping non-valued item, despite the fact that 

this item was never associated with the possibility of receiving any reward.  Further, results of 

Experiment 3 extended those of Experiments 1 and 2 by showing that not only were participants 

more likely to remember non-rewarded items as having been rewarded following successful 

relative to unsuccessful inference, they were more likely to choose to interact with such 

unrewarded items that were indirectly linked to a reward via the overlapping ‘B’ item. That is, 

when participants were asked to choose between two unrewarded items that were indirectly linked 

to items associated with differing reward-contexts (i.e., high- vs. low-value), they were more likely 

to choose to interact with the item that was indirectly linked to the high-value reward-context 
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despite the fact that choosing either of the presented items would not result in the receipt of a 

reward. Such generalization across pairs in a related acquired equivalence paradigm has been 

suggested to be linked to model-based reinforcement learning mechanisms (Doll, Shohamy & 

Daw, 2015), where generalization requires active updating of previously learned representations 

at the time of the test. Taken together, the results of Paper 1 show that flexible retrieval 

mechanisms that support successful associative inference can result in false memories for value 

information, where the specific value (i.e., high- or low-value) is more frequently misattributed to 

an overlapping but non-valued item following successful inference and further, that these same 

flexible retrieval mechanisms can also contribute to the implicit biasing of participants’ value-

based decisions. 

 Paper 2 (Carpenter & Schacter, 2018b) demonstrates that such flexible retrieval-related false 

memory effects shown in younger adults are not seen in older adults, even when the two groups 

are matched on associative inference performance and overall false memory rates. That is, while 

younger adults were more likely to misattribute contextual details from one event to the 

overlapping, yet incorrect event after successful compared to unsuccessful inference (Carpenter & 

Schacter, 2017), older adults showed no reliable difference in false memory scores after successful 

compared to unsuccessful inference. Such results suggest that when older adults reactivate and 

recombine the partially overlapping ‘AB’ and ‘BC’ events to infer the indirect relationship 

between the non-overlapping ‘A’ and ‘C’ items, contextual details from the currently cued event 

are less fully bound to the overlapping event context, resulting in fewer source memory errors after 

successful compared to unsuccessful inference. We argue that during the directly 

learned/associative inference test, older adults do not reactivate the contextual details of the 

original events as richly as younger adults resulting in fewer contextual details bound to the 



 167 

overlapping, yet incorrect event and fewer source memory errors. As noted in the discussion for 

Paper 2, there are at least two possibilities as to why older adults may less richly reactivate 

overlapping contextual details during the directly learned/associative inference test. Older adults 

may fail to retrieve such event contexts in response to the cue individual during the associative 

inference test; alternatively, older adults may have initially failed to encode the contextual details 

associated with the cue individual adequately to support the recall of such contextual details during 

the directly learned/associative inference test.  While Paper 2 cannot speak to whether results from 

older adults reflect an encoding- or retrieval-related failure, future research should test such 

possibilities by manipulating how older adults encode and/or retrieve contextual details of partially 

overlapping events.  

 Results of Paper 3 (Carpenter, Thakral, Preston & Schacter, Under Review) suggest that such 

flexible retrieval mechanisms that support successful inference and result in the misattribution of 

contextual details across event boundaries may depend on anterior hippocampal activity during 

the directly learned/associative inference test and further, link such flexible retrieval mechanisms 

to both the neural reinstatement of the contextual information from the overlapping, yet incorrect 

event and participants’ behavioral false memory scores.  That is, after successful associative 

inference, neural representations of the currently cued event context were more similar to the 

overlapping, yet incorrect event context in the anterior hippocampus, posterior medial prefrontal 

cortex (i.e., regions associated with the flexible retrieval of past events) and left inferior temporal 

gyrus (i.e., our content-reinstatement region) compared to after unsuccessful inference. 

Importantly, such false pattern similarity results were unique to the anterior hippocampus and the 

most posterior segment of the medial prefrontal cortex (i.e., subcallosal gyrus). That is, we did not 

find greater pattern similarity scores after successful compared to unsuccessful inference in 
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anatomical control regions, namely the posterior hippocampus and the most anterior aspect of the 

medial prefrontal cortex. Such results are consistent with and expand upon recent work showing 

that the more similar an object is represented neurally across events with differing contexts, the 

more impaired participants’ memory is for the original context (Kim, Norman & Turk-Browne, 

2019).  

Further, univariate effects in the anterior hippocampus during the directly learned/associative 

inference test correlated with the degree of inference-related changes in pattern similarity scores 

in our content-reinstatement region (i.e., L. ITG), which further correlated with the strength of 

participants behavioral false memory effects. Additionally, results from an exploratory mediation 

analysis revealed that the strength of the univariate effects in the anterior hippocampus during the 

directly learned/associative inference test (hypothesized to represent the degree of successful 

inference-related flexible retrieval and cross-episode binding processes) was indirectly related to 

participants’ behavioral false memory scores via the degree of contextual reinstatement in our 

content-reinstatement region (i.e., L. ITG). Taken together, such results suggest that 

hippocampally-dependent flexible retrieval mechanisms that support successful associative 

inference play a role in the misattribution of contextual details across event boundaries and the 

neural reinstatement of such misbound contextual details in content-reinstatement regions during 

subsequent retrieval attempts results in false memories.  

 

Theoretical Implications 

 Collectively, the findings from the three papers reported here are consistent with the 

constructive episodic simulation hypothesis (Schacter & Addis 2007a, in press), which suggests 

that the flexibility of the episodic memory system allows us to reactivate and recombine elements 



 169 

of past experiences into novel representations to support adaptive functions such as associative 

inference. We argue that an unintended consequence of such flexibility may be source 

misattributions where details of one event are mistakenly remembered as having come from the 

overlapping, yet incorrect event. The results of the three papers reported in this dissertation provide 

novel evidence linking the same flexible retrieval mechanisms that support an adaptive, 

constructive process to subsequent false memories.  

Mechanistically, we suggest that the effects that we have documented across the three papers 

reported here reflect the effects of two related, yet distinct mechanisms, namely cross-episode 

binding (e.g., Bridge & Voss, 2014a, 2014b) and retrieval-based reactivation and recombination 

(e.g., Bridge & Voss, 2014a, 2014b; Hupbach, Gomez, Hardt, & Nadel, 2007; St. Jacques & 

Schacter, 2013). Binding processes that link distinct elements both within (Eichenbaum & Cohen, 

2001; Hannula & Ranganath, 2008; Shimamura, 2010) and across (Preston et al., 2004; 

Zeithamova & Preston, 2010) episodes into a more unified or integrated representation have been 

extensively studied in recent years and have been linked closely to the operation of the 

hippocampus. We suggest that such cross-episode binding in our paradigm occurs most often and 

extensively for events that result in successful, as opposed to unsuccessful, associative inference. 

That is, when people successfully infer the relationship between non-overlapping elements of 

related events (i.e., between ‘A’ and ‘C’ items), they may more fully bind details across event 

boundaries, such that details from one event (‘AB’) may migrate to and become incorporated in 

the overlapping, yet distinct event (‘BC’). 

Cross-episode binding alone cannot explain the key finding from the current papers, namely, 

that participants’ false memory scores increased only after successful associative inference and 

not before successful or after unsuccessful inference. Such results implicate a role for flexible 
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retrieval and recombination processes in increased source memory errors. The results of the current 

papers fit well with prior findings that reactivating or retrieving memories can result in source 

misattributions where novel information is incorporated into the original memory representation 

(e.g., Chan, Thomas, & Bulevich, 2009; Gershman, Schapiro, Hupbach & Norman, 2013; Gordon, 

Thomas, & Bulevich, 2015; Hupbach et al., 2007; Hupbach, Gomez, & Nadel, 2011; St. Jacques, 

Olm, & Schacter, 2013; St. Jacques & Schacter, 2013). Such results may be related to processes 

associated with memory reconsolidation that render a memory labile and prone to distortion during 

retrieval (Chan & LaPaglia, 2013; Dudai, 2012; Hardt, Einarsson, & Nader, 2010) or may reflect 

the reactivation and binding of contextual information across event boundaries (Gisquet-Verrier 

& Riccio, 2018; Sederberg, Gershman, Polyn & Norman, 2011). From this perspective, source 

memory errors in our paradigm arise when overlapping ‘AB’ and ‘BC’ relationships (along with 

their corresponding contextual details) are reactivated and flexibly recombined during the directly 

learned/associative inference test, supporting participants’ ability to encode the novel relationship 

between the non-overlapping ‘A’ and ‘C’ items. Indeed, and consistent with our results, Bridge 

and Voss (2014b) observed evidence for memory distortion associated with cross-episode binding 

following an active (versus passive) retrieval condition. Taken together, flexible retrieval and 

recombination mechanisms may result in source memory errors after successful relative to 

unsuccessful inference because successfully inferring the relationship between the non-

overlapping ‘A’ and ‘C’ items requires the reactivation and flexible recombination of partially 

overlapping, yet distinct ‘AB’ and ‘BC’ episodes – during which contextual details from one event 

are mistakenly reinstated and bound to the overlapping, yet incorrect event. That is, in the current 

papers, source memory errors reflect memory distortions as an unintended consequence of cross-
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episode binding mechanisms resulting from inference-related flexible retrieval and recombination 

processes.  

In contrast to this account of younger adults’ performance, preliminary results from Paper 2 

suggest that the link between flexible retrieval and recombination mechanisms and memory errors 

is not observed in older adults. Such results have significant implications for aging research 

because our preliminary data suggest that the flexible retrieval and recombination processes 

elicited by the associative inference paradigm operate differently in older adults vs. young adults, 

even when overall associative inference performance and false memory rates were equated 

between both age groups. Based on past research suggesting the reduced retrieval of episodic 

details in old vs. young adults (Addis, Wong & Schacter, 2008; Levine, Svoboda, Hay, Winocour 

& Moscovitch, 2002; Schacter, Gaesser & Addis, 2013), and related research highlighting age-

related declines in remembering contextual/associative information (Old & Naveh-Benjamin, 

2008; Smyth & Naveh-Benjamin, 2016), we suggest that when older adults infer the relationship 

between the non-overlapping ‘A’ and ‘C’ items, they reactivate episodic details related to the 

original events less richly than do younger adults. This means that when older adults successfully 

infer the relationship between the two partially overlapping, yet distinct events, they bind fewer 

contextual details across event boundaries (Addis, Musicaro, Pan & Schacter, 2010), producing 

fewer source memory errors (Carpenter & Schacter, 2018b). While reduced contextual 

reinstatement and misbinding found with older adults could be the result of encoding- or retrieval-

related failures (see Paper 2), either of these possibilities again support the argument that the 

detailed and flexible retrieval and recombination of the original event context is necessary for the 

false memory effects reported here. 
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Future Directions 

Aging, Flexible Retrieval and Value-Based False Memories. Characterizing how the 

cognitive and neural mechanisms supporting flexible retrieval change as a result of healthy aging 

not only provides insights into how these specific mechanisms support memory but further, how 

such mechanisms shape our value-based decisions in everyday life events. To this effect, results 

of Paper 1 have shown that not only do flexible recombination mechanisms result in false 

memories for details, which bias our memories for specific events, but further result in false 

memories for monetary value or reward, which bias our future value-based decisions (e.g., 

preferring an item that was never rewarded; Carpenter & Schacter, 2018a). These results are of 

particular interest for older adults based on prior research highlighting not only memory deficits 

but also poorer future planning (Schacter et al., 2013, 2018) and suboptimal decision-making 

(Castel, McGillivray & Friedman, 2012). Further, it is unclear whether age-related declines in 

associative binding for contextual details reported in Paper 2 extend to associations between an 

item and its reward-context. Results from past work where older adults were instructed to learn as 

many items as possible that would result in the highest possible point value revealed that while 

overall younger adults recalled more items, older and younger adults were able to remember the 

high-value items to a similar extent (Castel, Benjamin, Craik & Watkins, 2002). However, related 

work suggests that while older and younger adults perform similarly on both recognition and free-

recall tests for high-value items, older adults are less likely to remember the specific item-value 

pairings (e.g., specific dollar amounts) as compared to younger adults (Castel, Farb & Craik, 

2007). Such results suggest that older adults’ memory for high-value items may be relatively 

preserved as compared to low- or no-value items. However, older adults may encode value-based 

information in a more general and less contextually specific manner relative to younger adults, but 



 173 

this information nevertheless may be used to selectively retrieve the high-value aspects of 

previously learned events. While such evidence suggests that memory for high-value information 

may be preserved with age, there is almost no evidence concerning the processes that support 

flexible recombination and whether they are directly linked to increased rates of false memories 

and suboptimal decisions in older adults. As discussed above, we have acquired promising 

preliminary data suggesting that this link is not observed in older adults, thus motivating novel 

experiments to shed light on this poorly understood aspect of memory in aging populations.  

On the one hand, it is possible that older adults may be able to selectively retrieve the general 

high-value information associated to certain items during the directly learned/associative inference 

test, which similar to younger adults, may result in the misattribution of value-based details across 

event boundaries. If older adults are more likely to misattribute the value of the original event to 

the overlapping, yet incorrect event after successful associative inference relative to unsuccessful 

inference, it would suggest that memory for high-value items may be relatively preserved with 

age. However, the preservation of high-value information in memory for older adults may further 

result in false memories for value-based contextual details and bias future decisions as a 

consequence of flexible retrieval and cross-episode binding mechanisms that support successful 

associative inference. On the other hand, age-related deficits in associative binding may extend to 

value-based contextual information and older adults may not show the same successful inference-

related increase in false value memory scores as younger adults. Similar to Paper 2, such results 

would suggest that flexible retrieval and cross-episode binding mechanisms active when older 

adults infer the relationship across the non-overlapping ‘A’ and ‘C’ items result in less episodically 

detailed recombined/integrated representations and fewer source misattributions for value-based 

contextual details. Thus, future research should utilize the methods reported in the current papers 
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to investigate age-related changes in how flexible retrieval and cross-episode binding mechanisms 

affect participants’ memory for value-based contextual details and bias future value-based 

decisions.  

False Memory Effects as a Function of Flexible Retrieval and Recombination or 

Integrative Encoding Mechanisms. The three papers reported here utilize various novel 

associative inference paradigms to determine how flexible retrieval mechanisms both support an 

adaptive function (i.e., associative inference) and affect participants’ memory for the contextual 

details of the original event. Across all experiments reported above, we utilized single-trial 

learning (i.e., where participants are only given one opportunity to learn the ‘AB’ and ‘BC’ 

relationships and infer the ‘AC’ relationship), blocked-encoding (i.e., where participants encode 

all ‘AB’ events followed by all ‘BC’ events), and limited encoding time conditions (i.e., range: 5 

to 10 secs). While we cannot exclude the possibility that some events were integrated during 

encoding, such paradigm choices are hypothesized to bias participants toward recombination at 

retrieval rather than integration during encoding (Zeithamova, Schlichting & Preston, 2012).  

In the current dissertation, biasing participants toward reactivating and recombining the 

partially-overlapping ‘AB’ and ‘BC’ representations during retrieval likely limited the potential 

contribution of integration during encoding in subsequent false memories. When participants 

experience the original ‘AB’ episode only once and for a limited period of time prior to encoding 

the partially-overlapping ‘BC’ episode, it is less likely that the ‘AB’ event representation will be 

spontaneously recalled in detail in response to the overlapping ‘B’ element during the ‘BC’ 

encoding phase. Additionally, limiting the time that participants had to encode the partially-

overlapping ‘BC’ event while emphasizing that they were still to learn both the direct ‘AB’ and 

‘BC’ relationships and the contextual details may have biased participants toward encoding the 
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incoming ‘BC’ relationship and associated contextual details rather than retrieving the original 

‘AB’ event in support of integration during encoding (for evidence that participant instructions can 

bias processing states during encoding see Richter, Chanales & Kuhl, 2016).  

Thus, we argue that such single-trial learning conditions in concert with limited encoding time 

is not conducive to the detailed retrieval of related events or the integration of such past events 

with new incoming information during encoding, making it less likely that contextual details were 

reactivated and misbound to overlapping, yet incorrect source during the encoding phase itself. A 

bias toward recombination at retrieval rather than integration during encoding likely plays a 

significant role in the before versus after successful inference false memory effects reported in the 

current dissertation. That is, if under the current conditions, participants were unable to integrate 

the partially-overlapping ‘AB’ and ‘BC’ events during the encoding phase, the directly 

learned/associative inference test provided an additional opportunity to retrieve the ‘AB’ and ‘BC’ 

events and more fully recombine such events into a more integrated event representation during 

retrieval, resulting in the misattribution of contextual details across event boundaries and 

subsequent false memories. 

Given the overlap between the current results and past work from various groups focusing on 

integrative encoding mechanisms rather than recombination during retrieval, it is unclear how 

these two mechanisms differ aside from the timeframe during which they are active (i.e., during 

encoding vs. retrieval). Specifically, results of Paper 1 highlight similar value-based false memory 

effects to those reported by Wimmer and Shohamy (2012), who focused on integrative encoding 

mechanisms active over several encoding repetitions and results of Paper 3 highlight the 

involvement of regions (e.g., posterior mPFC and anterior hippocampus) similar to those reported 
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by past work from Preston and colleagues who also focused on integration during encoding 

(Schlichting et al., 2015; Zeithamova et al., 2012).  

While past work has identified several conditions under which integration during encoding and 

recombination during retrieval are likely to occur (e.g., blocked vs. interleaved learning; 

Schlichting et al., 2015), future work should determine whether the behavioral consequences of 

such encoding- and retrieval-based mechanisms are similar. Namely, does integration during 

encoding, similar to recombination during retrieval, result in source misattributions where 

contextual details from one event are misremembered as having come from the overlapping, yet 

incorrect event? There are three possible hypotheses: First, given the overlap between the current 

studies and those focusing on integration during encoding, it is possible that both integration during 

encoding and recombination during retrieval result in the misattribution of contextual details 

across event boundaries. Second, it is possible that the directionality of the false memory effects 

would be specific to details from the second set of ‘BC’ images being incorporated into participants 

memory for the first set of ‘AB’ images (i.e., an asymmetric pattern of false memories; for related 

results see Hupbach, Hardt, Gomez & Nadel, 2008; Hupbach, Gomez, Hardt & Nadel, 2007; 

Hupbach, Gomez & Nadel, 2009; Gershman, Schapiro, Hupbach & Norman, 2013). Third, it is 

possible that integration during encoding does not result in the misattribution of contextual details 

across event boundaries and such false memory effects are unique to the hippocampally-dependent 

rapid reactivation and recombination of partially overlapping events during retrieval. Thus, future 

research should investigate whether gradual learning over multiple, interleaved encoding 

experiences results in source misattributions similarly to the rapid retrieval and cross-episode 

binding mechanisms highlighted by the current set of three papers or alternatively, whether the 
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more gradual extraction of event regularities/relationships spares memory for the specific 

contextual details of the related events.  

Successful Inference-Related Changes in the Neural Representations Supporting Value-

Based False Memories. While the fMRI data discussed in Paper 3 focus on the misattribution of 

contextual details from indoor/outdoor scenes, our past behavioral work suggests that such flexible 

retrieval mechanisms also affect participants’ memory for the reward-context associated with the 

original event, such that after successful inference, participants were more likely to misattribute 

the reward-context from one event to the overlapping and un-rewarded event (Paper 1; Carpenter 

& Schacter, 2018a). The fMRI methods utilized in Paper 3 provide us with the leverage necessary 

to determine if, similar to contextual scene details, value-based contextual information is 

mistakenly bound to the overlapping, yet incorrect source and reinstated during subsequent 

retrieval attempts after successful associative inference. Based on previous work linking 

hippocampally-dependent memory mechanisms (Bakkour et al., 2019) and dopaminergic midbrain 

regions to memory for value information (i.e., ventral tegmental area and substantia nigra; 

Wolosin, Zeithamova & Preston, 2013), we suggest that in a similar fashion to how the anterior 

hippocampus supports the retrieval of false scene-based contextual details, that the hippocampus 

may be involved in the retrieval of false value-based contextual details and further, that these 

value-based details may be mistakenly reinstated in dopaminergic midbrain regions, resulting in 

false memories for the reward-context of the original event. Thus, future work should aim to extend 

the methods utilized in Paper 3 to memory for other forms of contextual details that have clear 

neural correlates, namely value and spatial location information.  

Is the Reinstatement of Contextual Scene Information Necessary for Successful 

Associative Inference and Subsequent False Memory Effects? Throughout the three papers 
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reported in this dissertation we have argued for the role of flexible retrieval mechanisms in concert 

with cross-episode binding mechanisms in supporting both successful associative inference and 

subsequent false memories. We have argued that during the directly learned/inference test 

participants reinstate the non-overlapping contextual details from the ‘AB’ and ‘BC’ events and 

recombine this information to link the non-overlapping ‘A’ and ‘C’ elements into a more integrated 

event representation. Further, we suggest that such cross-episode binding mechanisms, while 

necessary for successful associative inference may inadvertently bind the reinstated contextual 

details from one event to the overlapping, yet incorrect event resulting in subsequent false 

memories when these misbound details are reinstated during subsequent retrieval attempts. While 

results from Paper 3 do indeed show greater reinstatement of contextual details from the 

overlapping, yet incorrect event after successful relative to unsuccessful inference, they do not 

provide evidence that these contextual details are actually reinstated and misbound during the 

directly learned/associative inference test itself.  

While the aforementioned hypothesis is consistent with a large body of past work suggesting 

that reinstating the context of the original event during or prior to new learning can result in new 

information being remembered as having come from the original event (e.g., Gershman et al., 

2013; see Paper 3), there is a growing body of literature suggesting that reinstating non-

overlapping elements of related experiences is alternatively associated with better memory for the 

reinstated information (Kim, Norman & Turk-Browne, 2019; Koen & Rugg, 2016; Kuhl, Shaw, 

DuBrow & Wagner, 2010).  Specifically, Kuhl and colleagues (2010) had participants learn 

partially overlapping ‘AB’ and ‘BC’ pairs where the ‘AB’ event was associated with a high- or 

low-value reward-context. When participants learned the overlapping ‘BC’ pairs, results revealed 

that the activity in reward-related regions (i.e., ventral medial prefrontal cortex and ventral 
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striatum), representing the reinstatement of the ‘AB’ reward-context, correlated with participants 

ability to correctly remember the original ‘AB’ pair. Such results suggest a form of integration 

across event boundaries supported by the reinstatement of the original event context during new 

learning, where memory for the non-overlapping ‘A’ and ‘C’ items is preserved (Kuhl, et al., 

2010).  That is, reactivation of a previously learned context may actually build resistance to 

interference resulting from new, incoming information.  

Relatedly, in a recent study by Kim and colleagues (2019), participants learned partially 

overlapping events where a cue object image (e.g., broccoli) was first encoded in relation to one 

of three tasks (i.e., artist, function, or organic). Later, the same cue image was presented in relation 

to a second non-overlapping task. That is, if participants were initially asked to think about the 

function of broccoli, later they were asked to think about whether broccoli was organic or not. The 

non-overlapping contextual information in this example is the encoding task itself and the 

overlapping element is the broccoli cue image. The authors trained a classifier to decode the unique 

encoding tasks and correlated classifier evidence for the original encoding task during new 

learning with participants’ memory for the original encoding task content. Results revealed that 

when participants learned partially overlapping events, the degree to which they reinstated the 

original event context (e.g., the encoding task) during new learning alleviated retroactive 

interference effects (i.e., forgetting of the original event context). However, the same study 

revealed that reinstatement of overlapping elements themselves (e.g., the broccoli cue image) 

during new learning, increased the likelihood that the original event context would be forgotten. 

The authors argue that such findings are not incompatible but rather reflect different processes. 

Namely, reactivating overlapping elements of an event in a new context may result in source 

memory errors because these elements may be bound to a new context that may interfere with 
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memory for the original event. Alternatively, retrieval of the context in which the overlapping 

element was originally learned may be helpful for source memory because it may strengthen the 

association between the overlapping element and the original context, thereby reducing 

interference between the new and old contextual information (Kim, et al., 2019).  

Taken together, such results may motivate an alternate explanation for the results reported in 

Paper 3. Specifically, it is possible that during the directly learned/associative inference test, the 

key driver of false memories is the integration/recombination of the non-overlapping ‘A’ and ‘C’ 

event elements rather than the retrieval/reinstatement and mistaken binding of contextual scene 

information across event boundaries. That is, contextual details may not be misbound during 

successful associative inference, but rather the neural patterns representing the ‘A’ and ‘C’ cue 

people become more similar to one another (e.g., Schlichting et al., 2015), causing the cues used 

during subsequent retrieval attempts to be more easily confused. This idea is similar to past work 

suggesting that false memories may arise from similar or shared neural codes for semantically 

related items (Chadwick et al., 2016). 

Such representational overlap specifically in the hippocampus in response to the cue items 

themselves may drive erroneous pattern completion processes and the reinstatement of the 

overlapping, yet incorrect context during subsequent retrieval attempts. This hypothesis is 

consistent with recent work suggesting that neural differentiation in the hippocampus among 

related items during encoding is critical for the correct rejection of new items that were related to 

learned items during a recognition test (Wing et al., 2020). That is, if as suggested by Schlichting 

and colleagues (2015), ‘A’ and ‘C’ cue representations themselves indeed become more similar in 

the hippocampus after successful inference (i.e., after participants encode a more 

recombined/integrated representation), the ‘A’ and ‘C’ retrieval cues may be indistinct or easily 
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confusable and thus, more likely to result in the reinstatement of the overlapping, yet incorrect 

event context during subsequent retrieval attempts. Given such work, the question remains as to 

whether the reinstatement of contextual scene details during successful associative inference is 

necessary for the false memory effects reported in the current dissertation.  

Given past work on the relationship between reinstatement of and memory for the original 

event, it is possible that reinstating the context associated with the ‘A’ person during the inference 

test may actually strengthen the link between the ‘A’ person and their corresponding context rather 

than result in the mistaken binding of event details across event boundaries (Kuhl et al., 2010). If 

this were the case, it would suggest that during the directly learned/inference test, it is not the 

reinstatement and mistaken binding of contextual details across event boundaries that drives 

subsequent false memories, but rather the neural overlap between the non-overlapping ‘A’ and ‘C’ 

elements of the events that are later used to cue the retrieval of the contextual scene details. Thus, 

future research should aim to determine exactly how flexible retrieval and recombination 

mechanisms support successful inference and subsequent false memories and what information is 

necessary at the time of retrieval to produce such effects.  

In order to determine whether pattern similarity between the ‘A’ and ‘C’ cue items is sufficient 

to support the subsequent reinstatement of the overlapping, yet incorrect context, future work 

should utilize a set of novel objects organized into partially overlapping ‘AB’ and ‘BC’ pairs 

(Schlichting et al., 2015). As in Paper 3, ‘AB’ and ‘BC’ pairs would be superimposed onto 

indoor/outdoor background scenes. Similar to the methods reported in Paper 3, prior to learning 

the partially overlapping ‘AB’ and ‘BC’ events, participants would view each event context and 

novel ‘A’ and ‘C’ objects in isolation during a pre-exposure phase while in the scanner. Following 

the pre-exposure phase, participants would complete the ‘AB’ and ‘BC’ encoding blocks outside 
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of the scanner. Following a 24-hour delay, participants would complete the second session while 

in the scanner. Similar to the methods reported in Paper 3, participants would complete two 

counterbalanced blocks of detail-retrieval questions separated by the directly learned/associative 

inference test. Additionally, both before and after the directly learned/associative inference test 

participants would view each novel ‘A’ and ‘C’ object in isolation during pre-retrieval and post-

retrieval phases, respectively. The addition of pre-retrieval and post-retrieval phases would allow 

us to measure the neural overlap of the non-overlapping ‘A’ and ‘C’ items as a result of learning 

partially overlapping ‘AB’ and ‘BC’ associations (i.e., pre-retrieval phase) and further, provides 

us with a metric as to how such neural overlap changes as a result of flexible retrieval and 

recombination mechanisms that support successful associative inference (i.e., post-retrieval 

phase).  

We would utilize RSA methods similar to those reported in Paper 3 to perform two sets of 

analyses: one aimed at determining the role of contextual reinstatement during successful 

associative inference in subsequent false memories and a second targeting inference-related 

changes in neural overlap of the ‘A’ and ‘C’ item representations themselves.  

First, in order to test whether the reinstatement of the overlapping, yet incorrect context during 

successful inference trials affects false memories, we would correlate patterns of neural activity 

during the directly learned/inference test with those from when participants were viewing the non-

overlapping event contexts during the pre-exposure phase. Such correlations would act as an index 

for the degree to which participants reinstated contextual scene details during the inference task. 

Further, we would relate the degree of contextual reinstatement during successful inference trials 

to reinstatement of the overlapping, yet incorrect context during subsequent detail-retrieval 

attempts and behavioral false memories. If, for example, reinstatement of the ‘AB’ context during 
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successful inference trials was positively related to the misattribution of contextual details from 

the ‘AB’ event to the ‘BC’ event (as measured by a) reinstatement of the overlapping, yet incorrect 

‘AB’ context in response to the ‘BC’ event cue during detail-retrieval trials and b) behavioral false 

memories in response to the ‘BC’ cue), it would provide strong evidence for the possibility that 

contextual details are indeed being reinstated and mistakenly bound to the overlapping, yet 

incorrect event during the directly learned/associative inference test. Such results would further 

provide evidence that such successful inference-related reinstatement and mistaken binding 

supports subsequent false memories via the reinstatement of said misbound details during 

subsequent retrieval attempts.  

Alternatively, if reinstatement of the ‘AB’ context during successful inference trials was 

negatively related to reinstatement of the overlapping, yet incorrect ‘AB’ context and false 

memories during subsequent detail-retrieval trials, such results would provide evidence that the 

reinstatement of non-overlapping contextual information during the directly learned/associative 

inference test strengthens the relationship between the cue (e.g., ‘A’ person) and its respective 

context (e.g., ‘AB’ context), thus reducing interference among partially overlapping events during 

subsequent retrieval attempts. Finally, if there was no relationship between reinstatement during 

successful inference trials and subsequent detail-retrieval trials, such results would suggest that 

reinstating contextual details during the directly learned/inference test is not necessary for 

subsequent inference-related false memories. Further, either of the aforementioned patterns of 

results would suggest that the cross-episode binding mechanisms that we have argued result in the 

mistaken binding of contextual details across event boundaries as a result of successful associative 

inference, may play less of a role in the subsequent reinstatement of the overlapping, yet incorrect 

event context than previously hypothesized. Such results would suggest that mechanisms that 
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support successful inference result in false memories not via the reinstatement and mistaken 

binding of contextual details across event boundaries but rather could be a result of the increased 

neural similarity between the non-overlapping ‘A’ and ‘C’ cue items.  

Second, in order to determine if the neural overlap between the non-overlapping ‘A’ and ‘C’ 

items themselves affects the reinstatement of overlapping, yet incorrect contextual details and 

subsequent false memories, we would correlate neural patterns when participants view the novel 

objects (e.g., ‘A’ items) during the pre-exposure phase with patterns when they view the non-

overlapping, yet related objects (e.g., ‘C’ items) both during the pre-retrieval and post-retrieval 

phases. Correlations between the pre-exposure phase and the pre-retrieval phase provide us with a 

measure of neural similarity between the non-overlapping ‘A’ and ‘C’ items as a result of learning 

the overlapping ‘AB’ and ‘BC’ associations. Correlations between the pre-exposure phase and the 

post-retrieval phase allow us to determine how neural similarity between the non-overlapping ‘A’ 

and ‘C’ items changed as a result of flexible retrieval and recombination mechanisms that support 

successful associative inference. That is, if false memories are indeed driven by similar neural 

patterns for the non-overlapping ‘A’ and ‘C’ items as a result of successful associative inference, 

we would expect to see greater pattern similarity after successful associative inference relative to 

both after unsuccessful and before successful inference. Importantly, differences in pattern 

similarity scores between the pre-exposure and pre-retrieval versus post-retrieval phases would 

allow us to disentangle the effects of learning partially overlapping ‘AB’ and ‘BC’ associations 

and recombining such associations during the directly learned/associative inference test on the 

neural overlap between the non-overlapping ‘A’ and ‘C’ items. Further, by using novel objects 

rather than common everyday objects and people cue items as reported in Paper 3 we avoid using 

stimuli with any pre-existing representations or unintended similarities.  
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If flexible retrieval mechanisms that support successful associative inference result in less 

easily distinguishable ‘A’ and ‘C’ representations, which leads to the reinstatement of the 

overlapping, yet incorrect event context during subsequent retrieval attempts, we would predict 

that inference-related pattern similarity effects between the non-overlapping ‘A’ and ‘C’ items 

should correlate with the reinstatement of overlapping, yet incorrect contextual information in the 

L. ITG and participants’ behavioral false memory scores. Such results would suggest that 

inference-related neural similarity between the non-overlapping ‘A’ and ‘C’ cue items reduces 

participants’ ability discriminate between and selectively retrieve contextual details from partially 

overlapping ‘AB’ and ‘BC’ events following successful associative inference, leading to false 

memories for such contextual details.  

The methods utilized in Paper 3 do not allow us to disentangle these two possibilities (e.g., 

mistaken binding of contextual details during the inference test vs. neural overlap between the ‘A’ 

and ‘C’ items) for three reasons: 1) we did not capture the neural representations of the individual 

‘A’ and ‘C’ elements prior to encoding the partially overlapping ‘AB’ and ‘BC’ pairs or prior to 

and after the directly learned/associative inference test; 2) ‘A’ and ‘C’ items were images of people 

that likely have some pre-existing representations or associations, which may influence encoding- 

or retrieval-related changes in the proposed pattern similarity scores (e.g., see Schlichting et al., 

2015); 3) participants were only given four seconds to respond on the directly learned/associative 

inference test, which likely does not provide them with enough time to fully retrieve the non-

overlapping contextual details from the ‘AB’ and ‘BC’ events or for us to capture clear estimates 

of such item-specific reinstatement (for a discussion of trial timing and pattern analyses see 

Zeithamova, de Araujo Sanchez & Adke, 2017).  
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Thus, future work using methods similar to those described above should aim to determine 

whether contextual reinstatement during the directly learned/associative inference test is necessary 

for subsequent false memory effects or whether inference-related neural similarity of the non-

overlapping ‘A’ and ‘C’ elements is sufficient to result in the reinstatement of the overlapping, yet 

incorrect contextual details during subsequent retrieval attempts and behavioral false memories.  

 

Conclusion 

 Across the three papers in this dissertation, we show that flexible retrieval and cross-episode 

binding mechanisms that support successful associative inference also contribute to the 

misattribution of contextual details (both scene- and value-based) across event boundaries. We 

demonstrate for the first time that the same mechanisms that support an adaptive, constructive 

process (i.e., associative inference) can also result in memory error or distortion where contextual 

details of one event are misremembered as having come from the overlapping, yet incorrect event. 

Future work should utilize the novel paradigms reported here to study age-related changes in the 

cognitive and neural mechanisms supporting successful associative inference, determine how 

flexible retrieval mechanisms can bias participants’ future decisions and further, aim to determine 

how flexible retrieval mechanisms support both associative inference and false memories. Overall, 

this line of work has important implications for understanding both the neural and cognitive 

mechanisms that support memory flexibility and the behavioral consequences resulting from the 

flexible use of past experiences to generate novel relationships that have not been directly 

experienced.   
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Appendix 

Paper 1 (Carpenter & Schacter, 2018a) 

Supplemental Tables 

Supplemental Table 1.1.  Average raw number of trials from the value transfer and decision bias 
tests that contributed to the proportion of false value transfer in Experiments 1, 2 and 3 and the 
decision bias scores in Experiment 3; minimum and maximum raw trial numbers that contributed 
to the false value transfer and decision bias scores; proportion of false value transfer and decision 
bias scores in each experiment (bolded); reaction time data for trials that contributed to the 
proportion of false value transfer and decision bias scores in each experiment (msec); and 
participants’ confidence ratings (1=very unsure, 4=very sure) for trials that contributed to the 
proportion of false value transfer and decision bias scores in each experiment. Performance on 
value transfer and decision bias tests was examined both before and after either successful or 
unsuccessful inference. Importantly, only trials for which participants responded correctly to 
directly learned trials were included.  

 
 

Unsuccessful)Inference Successful)Inference Unsuccessful)Inference Successful)Inference
Experiment*1 Raw)Trial)Number)(SE) 2.20$(0.30) 6.28$(0.88) 2.48$(0.41) 7.32$(0.79)

)Minimum)/)Maximum 0$/$6 0$/$14 0$/$6 0$/$15
Total)Raw)Trial)Number)(SE) 5.72$(0.35) 15.56$(1.23) 6.52$(0.48) 15.36$(1.19)
)Minimum)/)Maximum 2$/$10 3$/$25 3$/$12 2$/$24
Proportion((SE) 0.39*(0.05) 0.40*(0.04) 0.37*(0.05) 0.49*(0.04)
RT)msec)(SE) 4259$(828) 3860$(470) 2966$(517) 2817$(398)
Confidence)(SE)) 2.13$(0.09) 2.36$(0.12) 2.45$(0.18) 2.43$(0.09)

Experiment*2 Raw)Trial)Number)(SE) 2.54$(0.37) 2.54$(0.44) 2.38$(0.38) 3.13$(0.55)
)Minimum)/)Maximum 0$/$6 0$/$9 0$/$7 1$/$10
Total)Raw)Trial)Number)(SE) 10.13$(0.98) 13.04$(1.38) 9.75$(1.08) 11.66$(1.69)
)Minimum)/)Maximum 3$/$19 3$/$28 2$/$21 2$/$29
Proportion((SE) 0.24*(0.03) 0.20*(0.02) 0.23*(0.03) 0.28*(0.03)
RT)msec)(SE) 4616$(793) 3870$(589) 4763$(1465) 5812$(2782)
Confidence)(SE)) 2.20$(0.16) 2.15$(0.19) 2.25$(0.20) 2.42$(0.16)

Experiment*3 Raw)Trial)Number)(SE) 000 000 2.71$(0.39) 6.71$(0.75)
)Minimum)/)Maximum 000 000 0$/$7 1$/$15
Total)Raw)Trial)Number)(SE) 000 000 12.29$(0.83) 24.75$(2.28)
)Minimum)/)Maximum 000 000 6$/$22 5$/$47
Proportion((SE) 000 000 0.22*(0.02) 0.27*(0.02)
RT)msec)(SE) 000 000 2173$(3217) 2748$(4820)
Confidence)(SE)) 000 000 2.32$(0.12) 2.55$(0.09)

Unsuccessful)Inference Successful)Inference Unsuccessful)Inference Successful)Inference
Experiment*3 Raw)Trial)Number)(SE) 7.38$(1.08) 24.88$(3.15) 6.83$(1.02) 26.67$(3.18)

)Minimum)/)Maximum 0$/$22 1$/$52 0$/$20 4$/$49
Total)Raw)Trial)Number)(SE) 16.08$(2.44)$ 48.25$(5.96) 16.13$(2.48) 47.$83$(5.87)
)Minimum)/)Maximum 2$/$54 3$/$96 2$/$56 4$/$92
Proportion((SE) 0.50*(0.04) 0.52*(0.03) 0.43*(0.05) 0.61*(0.04)
RT)msec)(SE) 1151$(81) 1191$(63) 878$(92) 1075$(71)
Confidence)(SE)) 2.06$(0.18) 2.32$(0.15) 2.04$(0.22) 2.33$(0.13)

False(Value(Transfer(for(Unrewarded((((((((
'A'(and('C'(Items

Before$Associative$Inference After$Associative$Inference

Decision(Bias(for(Unrewarded((((((((((((((((((((((
'A'(and('C'(Items

Before$Associative$Inference After$Associative$Inference
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Paper 3 (Carpenter, Thakral, Preston & Schacter, Under Review) 

Supplemental Results 
 

Overall Detail Memory Scores. In order to determine the overall distribution false, true, foil 

and unsure memories across bins, participants’ detail memory scores, collapsed across bins, were 

subjected to an ANOVA with memory type (true memory, false memory, foil memory, unsure 

memory) as a factor. Results revealed a significant effect of memory type, F(3,84) = 103.89, p < 

.001, hp2 = 0.79. Subsequent t-tests revealed that overall participants chose the correct detail 

(Mcorrect = 0.36, SE = 0.009) more frequently than the misinformation detail (Mmisinformation = 0.33, 

SE = 0.01; t(28) = 2.88, p = .008, mean difference = 0.04, 95% CI [0.01, 0.06], d = 0.53), the foil 

detail (Mfoil = 0.23, SE = 0.009; t(28) = 9.38, p < .001, mean difference = 0.13, 95% CI [0.11, 

0.16], d = 1.74), and the unsure response (Munsure = 0.081, SE = 0.01; t(28) = 14.07, p < .001, mean 

difference = 0.28, 95% CI [0.24, 0.32], d = 2.61). Critically, participants were significantly more 

likely to choose the misinformation detail (Mmisinformation = 0.33, SE = 0.01) compared to both the 

foil detail (Mfoil = 0.23, SE = 0.009; t(28) = 7.31, p < .001, mean difference = 0.10, 95% CI [0.07, 

0.12], d = 1.36) and the unsure response (Munsure = 0.081, SE = 0.01; t(28) = 10.82, p < .001, mean 

difference = 0.25, 95% CI [0.20, 0.29], d = 2.01), suggesting that participants were more likely to 

misattribute the detail from the overlapping, yet incorrect context to the currently cued context 

instead of either choosing a detail that they had never experienced or responding with the unsure 

option (see Supplemental Figure 3.1).  

Relationship Between Successful Inference RT Differences and False Memory Scores 

Before Compared to After Directly Learned/Associative Inference Test. In order to test the 

link between flexible recombination/cross-episode binding mechanisms resulting in larger reaction 

time differences for associative inference relative to directly learned associations during successful 
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inferential retrieval and subsequent false memories, for each participant, we split reaction time 

(RT) differences into RT differences for successful inference triads where detail retrieval trials 

occurred before the directly learned/associative inference test and for triads where detail retrieval 

trials occurred after. For both sets of triads (i.e., detail-before vs. detail-after) we correlated 

participants’ false memory scores from successful inference triads with RT differences during the 

directly learned/associative inference test (see Shohamy & Wagner, 2008 for a similar approach 

using reaction time differences as a behavioral correlate for mechanisms supporting event 

integration). Results revealed that for those triads where detail retrieval trials occurred after the 

directly learned/associative inference test, the more time participants spend successfully retrieving 

and recombining the overlapping ‘AB’ and ‘BC’ representations the higher their false memory 

scores (r = 0.39, p = 0.035). Critically, this positive RT difference-false memory relationship was 

unique to triads tested after the directly learned/associative inference test. Triads where the 

corresponding detail-retrieval trials occurred before the directly learned/associative inference test 

showed a numerically negative relationship between RT differences and false memory scores (r = 

-0.21, p = 0.27; see Supplemental Figure 3.2). Next, we used the ‘cocor’ package in R to compare 

the non-overlapping before and after correlations based on dependent groups (Diedenhofen & 

Musch, 2015). Importantly, the slope of the RT difference-false memory relationship after the 

directly learned/associative inference test was significantly different from the RT difference-false 

memory relationship before this test, again suggesting that flexible recombination mechanisms 

that occur during the directly learned/associative inference test support subsequent false memory 

scores (z = 2.65, p = 0.008). Further, the relationship between RT differences and behavioral 

performance after successful inference was specific to false memory performance such that there 

were no significant relationships between RT differences and true, r = -0.22, p = 0.25, foil, r = -
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0.25, p = 0.19, or unsure, r = 0.12, p = 0.55, memory scores for triads tested after successful 

associative inference. Thus, results suggest that the additional recombination/cross-episode 

binding mechanisms that support successful inferential retrieval and result in larger RT differences 

for correct inference relative to directly learned trials, further predicts participants’ false memory 

responses. Such results provide additional evidence linking flexible retrieval mechanisms to both 

an adaptive function (i.e., associative inference) and subsequent memory distortion.  
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Supplemental Tables 
 
Supplemental Table 3.1. Counts of total and false memory trials before and after successful and 
unsuccessful inference. Total trial counts include false, true, foil and unsure memory responses 
used for behavioral analyses (N = 29). Total trials without unsure count reflects the number of 
trials used for RSA analyses (N = 23). 

 Before Test After Test 

 Unsuccessful Inference Successful Inference Unsuccessful Inference Successful Inference 

False Memory Trials (SE) 11.83 (1.03) 29.07 (2.60) 15.34 (1.26) 23.45 (2.18) 
       Minimum / Maximum 4 / 28 7 / 55 5 / 37 5 / 59 
Total Trials (SE) 35.86 (2.38) 90.48 (7.62) 50.86 (3.85) 69.07 (5.60) 
       Minimum / Maximum 16 / 60 30 / 176 18 / 95 11 / 157 
Total Trials w/o Unsure (SE) 33.83 (2.83) 88.22 (8.42) 42.61 (3.35) 70.09 (5.76) 
       Minimum / Maximum 16 / 60 22 / 164 17 / 71 24 / 153 
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Supplemental Table 3.2. Correct Inference > Incorrect Inference cluster peaks. * reflects clusters 
that were included in the univariate hippocampal, posterior vmPFC, and L. IFG ROIs. Regions 
were labeled using the automated anatomical labeling atlas (AAL3; Rolls, Joliot & Tzourio-
Mazoyer, 2015). 
 

Region MNI Coordinates Peak   

Correct Inference > Incorrect Inference x y z Z Number of above-
threshold voxels 

L. Middle Frontal Gyrus -40 11 35 4.59 282 
L. Middle Frontal Gyrus -46 14 40 4.52   
L. Middle Frontal Gyrus -28 12 36 3.97   
R. Cerebellum 2 -60 -25 4.53 40 
L. Angular Gyrus -36 -64 42 4.42 202 
L. Inferior Parietal Lobule -38 -66 53 3.74   
L. Angular Gyrus -45 -67 48 3.3   
Brain Stem -2 -19 -24 4.36 50 
Brain Stem 0 -26 -20 3.6   
L. Superior Frontal Gyrus -18 23 44 4.16 26 
R. Middle Temporal Gyrus 38 -61 12 4.16 45 
R. Cerebellum 21 -67 -34 4.09 24 
R. Hippocampus * 33 -10 -13 4.07 57 
R. Hippocampus * 30 -18 -13 3.17   
L. Subcallosal Gyrus * -3 6 -14 4.06 21 
L. Hippocampus * -16 -10 -18 4.01 30 
R. Subcallosal Gyrus * 4 11 -16 3.97 58 
L. Inferior Frontal Gyrus Pars Orbitalis * -45 30 -7 3.96 26 
L. Superior Frontal Gyrus -15 62 16 3.95 81 
R. Middle Occipital Gyrus 38 -73 32 3.92 78 
R. Middle Occipital Gyrus 33 -66 34 3.37   
R. Middle Occipital Gyrus 32 -78 38 2.86   
R. Middle Occipital Gyrus 33 -66 24 3.91 54 
R. Angular Gyrus 46 -67 47 3.9 48 
R. Angular Gyrus 39 -61 44 2.93   
R. Middle Frontal Gyrus 51 29 30 3.9 75 
L. Parahippocampal Gyrus -16 -18 -25 3.89 27 
R. Thalamus 3 -18 5 3.86 25 
L. Inferior Temporal Gyrus -33 2 -36 3.86 26 
L. Inferior Frontal Gyrus Pars Orbitalis * -26 34 -7 3.85 22 
R. Amygdala 21 0 -19 3.77 64 
R. Parahippocampal Gyrus 18 -7 -19 3.17   
R. Cerebellum 9 -56 -32 3.77 30 
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L. Transverse Temporal Gyrus -44 -16 5 3.75 57 
L. Insula -39 -7 6 2.68   
L. Hippocampus * -27 -7 -24 3.74 31 
L. Insula -39 0 -13 3.71 50 
L. Superior Temporal Pole -45 12 -16 3.48   
L. Inferior Parietal Lobule -32 -74 40 3.68 56 
L. Angular Gyrus -39 -76 44 3.26   
L. Cerebellum -15 -32 -24 3.65 37 
L. Precentral Gyrus -40 -2 62 3.62 45 
L. Precentral Gyrus -33 -6 54 3.16   
L. Paracentral Lobule -6 -34 77 3.6 36 
R. Superior Temporal Gyrus 63 -46 14 3.59 36 
L. Thalamus -8 -32 4 3.58 25 
R. Angular Gyrus  38 -68 54 3.56 26 
L. Temporal Pole -58 5 -12 3.56 31 
L. Superior Temporal Gyrus -51 -1 -14 3.02   
L. Postcentral Gyrus -18 -30 77 3.54 38 
L. Postcentral Gyrus -24 -38 74 3.37   
L. Medial Orbital Gyrus -12 47 -26 3.54 25 
L.Cerebellum -10 -60 -24 3.54 21 
L. Middle Frontal Gyrus -40 44 -6 3.51 60 
L. Inferior Temporal Gyrus -40 -16 -25 3.5 50 
L. Gyrus Rectus * -6 16 -22 3.46 23 
L. Precentral Gyrus -20 -22 54 3.43 24 
Brain Stem 12 -26 -20 3.35 57 
R. Cerebellum 21 -31 -25 3.35   
R. Middle Temporal Gyrus 45 -66 18 3.11 38 
R. Middle Temporal Gyrus 42 -67 11 3.04   
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Supplemental Table 3.3. Correct directly learned > Incorrect directly learned cluster peaks. 
Regions were labeled using the automated anatomical labeling atlas (AAL3; Rolls, Joliot & 
Tzourio-Mazoyer, 2015). 
 

Region MNI Coordinates Peak 
 

Correct Directly Learned > Incorrect Directly Learned x y z Z Number of above-
threshold voxels 

L. Postcentral Gyrus -51 -8 54 5.35 80 
L. Postcentral Gyrus -51 -8 46 3.38 

 

L. Precentral Gyrus -28 -18 68 5.34 139 
L. Precentral Gyrus -20 -24 71 3.28 

 

L. Precentral Gyrus -30 -13 60 3.23 
 

R. Precentral Gyrus 40 -18 36 5.04 43 
L. Inferior Temporal Gyrus -50 6 -38 4.85 55 
L. Middle Temporal Gyrus -54 8 -31 3.57 

 

R. Postcentral Gyrus 27 -38 76 4.72 123 
R. Postcentral Gyrus 22 -31 76 4.05 

 

R. Postcentral Gyrus 33 -38 70 2.98 
 

R. Parahippocampal Gyrus 16 -4 -28 4.68 47 
R. Parahippocampal Gyrus 24 -6 -31 2.92 

 

L. Postcentral Gyrus -52 -10 17 4.62 53 
L. Postcentral Gyrus -24 -38 68 4.58 65 
L. Postcentral Gyrus -18 -32 72 4.2 

 

L. Insula -28 6 -18 4.56 64 
L. Insula -38 0 -18 4.11 

 

R. Posterior Cingulate Gyrus 4 -30 35 4.55 651 
L. Posterior Cingulate Gyrus -3 -20 36 4.33 

 

L. Posterior Cingulate Gyrus -4 -26 24 4.08 
 

R. Putamen 33 -6 11 4.48 26 
L. Supramarginal Gyrus -51 -36 23 4.47 452 
L. Supramarginal Gyrus -57 -25 30 4.17 

 

L. Supramarginal Gyrus -56 -37 32 3.83 
 

L. Inferior Temporal Gyrus -63 -44 -19 4.45 71 
R. Fusiform 26 -55 -14 4.44 23 
L. Putamen -15 12 -6 4.44 328 
L. Olfactory Gyrus -4 12 -10 3.99 

 

L. Olfactory Gyrus -9 6 -19 3.88 
 

R. Superior Parietal Lobule 22 -66 53 4.42 1255 
R. Calcarine Gyrus 6 -79 11 4.28 

 

R. Calcarine Gyrus 8 -60 42 4.22 
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R. Supramarginal Gyrus 66 -18 20 4.4 38 
L. Putamen -27 -16 -1 4.38 38 
L. Superior Parietal Lobule -15 -48 76 4.37 531 
L. Superior Parietal Lobule -30 -54 66 3.95 

 

L. Paracentral Lobule -8 -40 77 3.94 
 

L. Middle Temporal Gyrus -44 -50 16 4.36 106 
L. Middle Temporal Gyrus -48 -58 18 3.72 

 

R. Middle Cingulate Gyrus 4 10 36 4.34 92 
L. Middle Cingulate Gyrus -2 4 44 3.85 

 

L. Middle Cingulate Gyrus -6 5 36 3.38 
 

R. Precentral Gyrus 58 2 38 4.31 60 
L. Middle Temporal Pole -28 14 -42 4.3 71 
L. Middle Temporal Pole -33 8 -36 4.29 

 

L. Superior Temporal Pole -36 14 -30 3.27 
 

L. Inferior Temporal Gyrus -52 -55 -25 4.29 35 
R. Middle Cingulate Gyrus 2 -10 30 4.28 38 
R. Inferior Temporal Gyrus 45 -62 -12 4.27 50 
L. Posterior Cingulate Gyrus -8 -49 26 4.17 36 
L. Paracentral Lobule -6 -12 82 4.17 69 
L. Supplementary Motor Area -2 -13 72 3.16 

 

R. Middle Temporal Pole 48 4 -34 4.16 42 
R. Middle Temporal Pole 45 12 -34 3.22 

 

R. Putamen 18 10 -8 4.15 318 
R. Ventral Striatum 9 5 -12 4.15 

 

R. Amygdala 16 4 -14 4.02 
 

R. Supramarginal Gyrus 51 -40 36 4.15 153 
R. Supramarginal Gyrus 62 -32 44 3.87 

 

R. Supramarginal Gyrus 57 -30 38 3.6 
 

R. Superior Parietal Lobule 40 -42 53 4.14 30 
R. Cerebellum 21 -50 -58 4.13 21 
R. Middle Occipital Gyrus 39 -80 28 4.13 47 
L. Angular Gyrus -28 -68 44 4.12 21 
L. Superior Temporal Gyrus -62 -1 -7 4.1 31 
L. Middle Temporal Gyrus -51 -7 -19 4.1 21 
L. Cuneus -14 -86 36 4.07 21 
R. Postcentral Gyrus 15 -50 72 4.04 76 
R. Precuneus  8 -46 77 2.85 

 

L. Pregenual Anterior Cingulate Cortex -3 38 -6 4.02 290 
R. Superior Frontal Gyrus, Medial Orbital 2 47 -7 3.66 

 

L. Superior Frontal Gyrus, Medial  0 66 10 3.66 
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L. Inferior Temporal Gyrus -34 -7 -43 4 28 
L. Insula -26 0 16 3.99 75 
L. Middle Temporal Gyrus -66 -44 0 3.99 29 
L. Insula -36 5 8 3.98 23 
L. Middle Temporal Gyrus -52 -37 -8 3.97 49 
L. Middle Temporal Gyrus -63 -38 -8 3.48 

 

R. Precuneus  2 -55 18 3.95 56 
L. Precuneus  -2 -58 10 3.87 

 

L. Insula -36 0 -6 3.94 31 
L. Precentral Gyrus -54 6 35 3.93 112 
L. Precentral Gyrus -58 0 28 3.8 

 

L. Postcentral Gyrus -58 -13 30 3.93 53 
L. Postcentral Gyrus -64 -13 22 3.28 

 

L. Postcentral Gyrus -51 -13 28 3.07 
 

R. Cerebellum 16 -43 -30 3.93 30 
L. Rolandic Operculum -60 -6 6 3.92 64 
L. Transverse Temporal Gyrus -64 -13 8 3.57 

 

L. Rolandic Operculum -54 2 2 3.09 
 

L. Supramarginal Gyrus -62 -25 18 3.92 117 
L. Supramarginal Gyrus -52 -26 17 2.65 

 

L. Middle Temporal Gyrus -69 -30 -10 3.92 26 
R. Middle Temporal Gyrus 50 -60 14 3.9 81 
R. Superior Temporal Gyrus 58 -52 18 3.27 

 

L. Superior Frontal Gyrus, Medial -10 36 48 3.9 32 
R. Superior Parietal Lobule 15 -46 62 3.9 27 
R. Middle Temporal Gyrus 56 -30 -12 3.89 35 
R. Paracentral Lobule 15 -38 53 3.89 44 
R. Precuneus  18 -46 52 3.19 

 

L. Fusiform Gyrus -32 -73 -19 3.89 25 
R. Middle Cingulate Gyrus 14 -24 41 3.88 75 
R. Middle Cingulate Gyrus 9 -13 44 3.14 

 

L. Precuneus -9 -72 50 3.86 228 
L. Superior Parietal Lobule -12 -72 42 3.78 

 

L. Superior Parietal Lobule -16 -64 52 3.52 
 

R. Fusiform Gyrus 28 -82 -13 3.84 29 
R. Inferior Temporal Gyrus 60 -19 -32 3.84 39 
R. Inferior Temporal Gyrus 66 -24 -25 3.56 

 

R. Middle Occipital Gyrus 30 -64 34 3.83 60 
R. Inferior Temporal Gyrus 58 -49 -24 3.81 22 
L. Fusiform Gyrus -34 -24 -26 3.8 21 
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L. Middle Temporal Gyrus -62 -18 -6 3.79 22 
L. Postcentral Gyrus -40 -13 38 3.76 37 
L. Superior Parietal Lobule -18 -46 65 3.75 63 
L. Precuneus -14 -52 60 3.48 

 

L. Gyrus Rectus -4 17 -22 3.74 27 
R. Middle Temporal Gyrus 62 -20 -12 3.72 23 
R. Lingual Gyrus 21 -92 -18 3.72 39 
R. Fusiform Gyrus 40 -49 -20 3.72 29 
R. Calcarine Gyrus 10 -90 5 3.69 21 
L. Middle Temporal Gyrus -58 -18 -13 3.68 25 
L. Middle Temporal Gyrus -66 -18 -19 2.67 

 

R. Superior Temporal Gyrus 51 -49 20 3.68 27 
L. Postcentral Gyrus -63 -7 14 3.66 25 
L. Postcentral Gyrus -57 -1 18 3.22 

 

R. Superior Temporal Pole 42 17 -26 3.66 43 
R. Superior Temporal Pole 34 14 -31 2.93 

 

L. Inferior Parietal Lobule -32 -49 44 3.65 43 
R. Supramarginal Gyrus 56 -30 28 3.64 60 
R. Supramarginal Gyrus 48 -31 30 2.65 

 

R. Precuneus  10 -61 70 3.64 97 
R. Superior Parietal Lobule 22 -60 70 2.93 

 

L. Superior Frontal Gyrus -22 -7 62 3.63 31 
R. Precentral Gyrus 51 10 38 3.63 49 
R. Middle Temporal Gyrus 66 -40 -13 3.63 38 
R. Rolandic Operculum 48 -7 8 3.62 26 
L. Calcarine Gyrus -9 -74 12 3.6 27 
R. Inferior Parietal Lobule 46 -55 40 3.59 97 
R. Angular Gyrus 51 -62 42 2.67 

 

R. Putamen 28 0 -10 3.58 44 
R. Postcentral Gyrus 27 -43 47 3.57 29 
L. Inferior Temporal Gyrus -64 -25 -28 3.56 56 
L. Inferior Temporal Gyrus -57 -22 -31 3.39 

 

R. Fusiform Gyrus 38 -16 -30 3.56 27 
L. Middle Temporal Gyrus -50 -25 -12 3.55 24 
R. Inferior Parietal Lobule 40 -49 48 3.55 35 
L. Middle Temporal Gyrus -45 -32 -8 3.52 33 
L. Middle Temporal Gyrus -50 -37 -2 3.04 

 

R. Cerebellum 26 -42 -50 3.52 22 
L. Middle Occipital Gyrus -24 -61 38 3.48 42 
R. Fusiform Gyrus 32 -49 -4 3.47 26 
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L. Inferior Parietal Lobule -44 -54 47 3.45 66 
L. Inferior Parietal Lobule -45 -60 54 3.4 

 

L. Inferior Parietal Lobule -42 -49 58 3.16 
 

R. Superior Parietal Lobule 24 -49 59 3.44 21 
L. Cerebellum -9 -42 -55 3.44 24 
L. Middle Temporal Gyrus -68 -38 -2 3.43 27 
L. Cerebellum -21 -66 -32 3.43 21 
R. Precentral Gyrus 60 0 26 3.42 35 
R. Precentral Gyrus 56 8 28 3.18 

 

L. Superior Occipital Gyrus -24 -73 22 3.42 22 
L. Inferior Parietal Lobule -27 -55 53 3.42 24 
L. Postcentral Gyrus -28 -38 60 3.39 28 
R. Gyrus Rectus 10 17 -25 3.36 24 
L. Angular Gyrus -44 -67 42 3.29 45 
L. Angular Gyrus -52 -66 40 2.94 

 

L. Middle Cingulate Gyrus -15 -36 44 3.25 21 
L. Angular Gyrus -52 -60 34 3.19 43 
L. Precuneus -10 -80 46 3.19 21 
L. Supplementary Motor Area 0 -16 60 3.13 31 
R. Middle Temporal Gyrus 60 -46 -8 3.09 22 
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Supplemental Figures 

 
Supplemental Figure 3.1. Overall false, true, foil and unsure memory responses for triads included 
in the behavioral analyses reported in the main paper. Overall, participants chose the true memory 
response more often than false, foil and unsure memory responses. Critically, participants also 
chose the false memory/misinformation response more often than both foil and unsure memory 
responses, suggesting that the contextual detail from the overlapping, yet incorrect event was more 
likely to be misattributed to the currently cued event compared to the generation and misattribution 
of a contextual detail that was never presented to participants (i.e., the foil memory option).  
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Supplemental Figure 3.2. (A) Results of across-subject successful inference RT difference and 
false memory score correlation for triads tested before the directly learned/associative inference 
test. Results revealed a non-significant but numerically negative relationship between RT 
differences and false memory scores. (B) Results of across-subject successful inference RT 
difference and false memory score correlation for triads tested after the directly learned/associative 
inference test. Results revealed a significant positive relationship between participants successful 
inference RTs and false memory scores, suggesting that additional flexible recombination/cross-
episode binding mechanisms resulting in larger successful inference RT differences are indeed 
positively related to participants’ false memory scores only after the directly learned/associative 
inference test during which these retrieval mechanisms act. Further, the difference between before 
as compared to after correlation was significant, Z = 2.65, p = 0.008. 
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Supplemental Figure 3.3. (A) Control ROIs for the RSA using anatomically defined bilateral 
posterior hippocampus (1369 voxels) and anterior mPFC ROI (1247 voxels) ROIs. The anterior 
mPFC ROI was defined via a 12mm sphere centered at the peak event separation coordinates (x = 
1, y = 58, z = -20) reported by Schlichting and colleagues (2015). This 12mm sphere was 
inclusively masked with a gray matter mask resulting in an anterior mPFC ROI of similar size to 
our posterior mPFC ROI. (B) Results of the RSA and associated pattern similarity scores from 
each ROI (see main text for results). 
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