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Abstract

Previous event-related potential (ERP) and neuroimaging evidence suggests that directing 

attention toward single item-context associations compared to intra-item features at encoding 

improves context memory performance and reduces demands on strategic retrieval operations in 

young and older adults. In everyday situations, however, there are multiple event features 

competing for our attention. It is not currently known how selectively attending to one contextual 

feature while attempting to ignore another influences context memory performance and the 

processes that support successful retrieval in the young and old. We investigated this issue in the 

current ERP study. Young and older participants studied pictures of objects in the presence of two 

contextual features: a color and a scene, and their attention was directed to the object’s 

relationship with one of those contexts. Participants made context memory decisions for both 

attended and unattended contexts and rated their confidence in those decisions. Behavioral results 

showed that while both groups were generally successful in applying selective attention during 

context encoding, older adults were less confident in their context memory decisions for attended 

features and showed greater dependence in context memory accuracy for attended and unattended 

contextual features (i.e., hyper-binding). ERP results were largely consistent between age groups 

but older adults showed a more pronounced late posterior negativity (LPN) implicated in episodic 

reconstruction processes. We conclude that age-related suppression deficits during encoding result 

in reduced selectivity in context memory, thereby increasing subsequent demands on episodic 

reconstruction processes when sought after details are not readily retrieved.
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1. Introduction

Healthy aging is typically accompanied by episodic memory decline. This decline is 

disproportionately greater for context memory than item memory (Mitchell and Johnson, 

2009; Spencer and Raz, 1995). Memory for contextual details of encoded events is believed 

to rely on frontally-mediated cognitive control processes to a greater extent than item 

memory (Mitchell and Johnson, 2009). These processes include elaboration of relational 

information during encoding and monitoring of retrieved information during retrieval. As 

cognitive control processes are widely believed to be disrupted by normal aging, we and 

others have argued that memory tasks placing high demands on cognitive control (e.g., 

context memory) are more likely to reveal age-related impairments (Cohn et al., 2008; 

Duarte et al., 2008).

Emerging evidence suggests that context memory accuracy improves for both young and 

older adults when their attention is directed toward task-relevant associations during 

encoding (Dulas and Duarte, 2013, 2014; Glisky and Kong, 2008; Glisky et al., 2001; 

Hashtroudi et al., 1994; Naveh-Benjamin et al., 2007). For example, when participants are 

directed to attend to the item-context associations during encoding (i.e., “Does this chair 

(item) suit the room (context)?”), context memory improves for both age groups, relative to 

attending to item-only features (i.e., “How comfortable is this chair likely to be?”) (Glisky et 

al., 2001). While the mechanisms supporting this benefit are not entirely clear, it is likely 

that focusing attention on a specific relationship between an item and its context allows for 

the formation of a stronger association. Because the item and context are tightly bound in 

memory, they are easier to recover during a memory test. Consequently, demands on 

cognitive control operations, which are engaged when sought after contextual details are 

difficult to recover, should be reduced (Cohn et al., 2008).

Event-related potentials (ERPs) are useful for investigating the time-course of neural activity 

associated with processes that aid in the recovery of contextual details. During retrieval, 

previously studied items correctly recognized as old (i.e., hits) typically show more positive-

going activity than new items correctly identified as new (i.e., correct rejections). Several 

“old-new” effects have been linked with different aspects of memory retrieval. An early 

(~300–500 ms post-stimulus) effect, the “FN400,” or “mid-frontal” old-new is maximal over 

frontal regions and is thought to reflect familiarity-based processes (for reviews Curran, 

2000; Friedman and Johnson, 2000; Rugg and Curran, 2007). A later occurring (~500–800 

ms post-stimulus) “parietal old-new effect” is maximal over left parietal electrodes, greater 

for correct than incorrect context judgments, and thought to reflect recollection-based 

processing (Friedman and Johnson, 2000; Rugg and Curran, 2007 for reviews). A late 

onsetting (~1000 ms post-stimulus) “late-frontal old-new effect” is often right lateralized, 

maximal over frontal channels, and sustained for several hundred milliseconds or until the 

end of the trial (Cruse and Wilding, 2009; Friedman and Johnson, 2000; Senkfor and Van 

Petten, 1998; Wilding and Rugg, 1996). This effect is particularly evident in tasks, like 

context memory tasks, in which participants must evaluate retrieved information in order to 

make a specific memory decision. The effect is larger when judgments of memory 

confidence are low and when memory details are difficult to recover (Cruse and Wilding, 

2009; Senkfor and Van Petten, 1998). Given its onset after ERPs of item familiarity and 
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recognition, the late-frontal old-new effect has been associated with post-retrieval 

monitoring (Swick, Senkfor, and Van Petten, 2006). Finally, a late posterior-maximal 

negativity (new > old) “LPN” effect has additionally been observed in some context retrieval 

studies (see Johansson and Mecklinger, 2003 for review). The LPN is suggested to reflect 

processes that act to reconstruct the original episode associated with recognized items. These 

processes are engaged when contextual attributes are not readily recovered or require 

continued evaluation until or even after response.

Several studies have investigated the effects of aging on old-new effects during context 

retrieval with the most common observation being later onsetting and/or smaller magnitude 

effects in the old (Duarte et al., 2006; Dulas and Duarte, 2011; Mark and Rugg, 1998; Trott 

et al., 1997; Wang et al., 2012a; Wegesin et al., 2002). Interestingly, some evidence shows 

that even when FN400 and parietal old-new effects are relatively intact, late frontal old-new 

effects are reduced in older adults (Gutchess et al., 2007; Wegesin et al., 2002). This 

suggests that cognitive control operations such as post-retrieval monitoring may be impaired 

even when recollection and familiarity processes are intact. In these studies, however, no 

means were taken to control large group differences in performance. Consequently, the 

neural activity differences between age groups may have been due, at least in part, to 

differences in performance rather than aging, per se (reviewed in Rugg and Morcom, 2005).

Recent findings from our lab (Dulas and Duarte, 2013) and others’ (Kuo and Van Petten, 

2006) have shown that context memory accuracy is enhanced and frontal old-new ERP 

effects are reduced when participants are explicitly directed to attend to item-context 

relationships during encoding. In our study, we directed young and older adults to attend to 

either objects only or to object-color (context) relations during encoding and measured late 

right frontal old-new ERPs during retrieval. Importantly, we attempted to match overall 

memory performance between groups by halving the memory load for older adults. We 

found context memory improvements and reduced right late frontal old-new effects 

following directed attention for both age groups, albeit with a smaller benefit in the old. In a 

parallel fMRI study, we identified a similar pattern of attenuation in right lateral PFC for 

both age groups (Dulas and Duarte, 2014). From these studies we concluded that when 

attention is directed toward task relevant features during encoding, context memory 

improves in both young and older adults. Furthermore, older adults can engage in right PFC 

mediated post-retrieval monitoring like young adults when performance levels are roughly 

similar and object - context associations are difficult to recover. Interestingly, only older 

adults showed a large LPN in our ERP study (Dulas and Duarte, 2013). Given the 

hypothesized relationship between the LPN and sensory search or episodic reconstruction 

processes (Cycowicz et al., 2001; Johansson and Mecklinger, 2003), we reasoned that older 

adults additionally engaged in these operations to support context memory performance.

Directing attention toward single item-context associations compared to non-contextual 

feature at encoding improves context memory performance and reduces demands on 

strategic retrieval operations in young and older adults (Dulas and Duarte, 2013). In 

everyday situations, however, we likely have multiple event features competing for our 

attention and our ability to successfully recover some features may vary depending on where 

we focused our attention during encoding. Older adults are prone to failures of selective 
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attention originating from reduced inhibitory control (Hasher and Zacks, 1988). These 

failures can lead to increased binding of task-irrelevant distractors. For example, findings 

from paired associate learning tasks show that older adults have greater memory for picture-

word pairs that are re-presented despite the words having been previously presented as task 

irrelevant distractors (Campbell et al., 2010). This ‘hyper-binding’ effect in which older 

adults are more likely to bind together irrelevant distractors and targets presented in close 

spatial or temporal proximity has implications for context memory tasks. In a context 

memory task, optimal performance is likely dependent on the ability to limit attention 

toward the relevant item-context relationship while ignoring and consequently not encoding 

irrelevant event details. Hyper-binding can adversely affect performance in traditional tests 

of associative memory (Campbell et al., 2010).

It is not currently known how selectively attending to one contextual feature while 

attempting to ignore another influences context memory performance and the processes that 

support successful retrieval in the young and old. The current study seeks to address this 

issue. During study, participants were presented with black and white objects flanked by two 

contextual features: a color and a scene. They were asked to attend to one of the object - 

context relationships (attended context) while ignoring the other (unattended context). 
During test, they were asked to judge each object as old or new and to determine if the color 

and scene contexts matched those with which the object was presented during encoding. 

Participants were asked to judge the confidence with which they recognized each feature. 

Importantly, the memory load was halved for older adults in order to more closely match 

performance between age groups (Rugg and Morcom, 2005).

If subjects successfully restrict their attention to the target object-context relationship, then 

memory accuracy and confidence for the attended context will be higher than for the 

unattended context. Prior research documents that the parietal old-new effect varies in 

magnitude with the number of episodic details retrieved (Vilberg et al., 2006). If participants 

successfully encode both attended and unattended contexts, the magnitude of the parietal 

old-new effect should be larger for those “both correct” trials. In contrast, if unattended 

context accuracy is very low, and participants are effectively guessing, we should not find 

differences in parietal old-new effect magnitude between the Attended only context correct 

and Both contexts correct trials. If older adults bind too many event details due to a limited 

ability to suppress distraction, they may show reduced selectivity in their context memory 

performance manifesting in greater co-dependence in accuracy for attended and unattended 

contexts compared to young adults. The consequence of this ‘hyper’ encoding for older 

adults may be reduced recollection and increased post-retrieval monitoring (right frontal) 

and episodic reconstruction (LPN) processes that are needed when sought after associations 

are not readily retrieved.

2. Materials and methods

2.1. Participants

Participants were 22 young adults, ages 18–35 and 21 older adults, ages 60–80, recruited 

from the Georgia Institute of Technology and the Atlanta community and compensated with 

$10 per hour or class credit. All participants were right-handed, native English speakers, had 
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normal or corrected to normal vision, with no reports of psychiatric or neurological 

disorders, vascular disease, use of psychiatric drugs, or any drugs affecting the central 

nervous system. All participants signed consent forms approved by the Georgia Institute of 

Technology Institutional Review Board.

2.2. Neuropsychological assessment

After completing the EEG component of the study, participants were administered a battery 

of standardized neuropsychological tests to rule out cognitive impairments, such as mild 

cognitive impairment. The tasks consists of subtests from the Memory Assessment Scale 

(Williams, 1991) including list learning, recognition, immediate and delayed recall, verbal 

span forward and backwards, visual recognition, recall, reproduction, and delayed 

recognition. Participants also completed Trails A and B, a subtest of the Halstead-Reitan 

Neuropsychological Test Battery (Reitan and Wolfson, 1985), and the Controlled Oral Word 

Association Test (“FAS”) (Benton et al., 1994), older adults were administered the Montreal 

Cognitive Assessment (Nasreddine et al., 2005) to further test for mild cognitive 

impairments. Only participants with scores within 2 standard deviations of the group mean 

were included. One older adult participant was excluded from all analyses for this reason, 

leaving 21 older adults.

2.3. Materials

The study used a pool of 432 grayscale images obtained from Hemera Technologies Photo-

Objects DVDs and from Google. Each image displayed a single, namable object presented 

on a white background. Two hundred and eighty-eight objects were presented during study 

and 144 objects were presented as new items during retrieval. Old/new status for objects was 

counterbalanced across the experiment. Furthermore, the attended contextual feature (color 

or scene) for each object was counterbalanced across the experiment. Each object was 

flanked with 1 of 3 possible color squares (red, green, or brown) and 1 of 3 possible scene 

images (studio, island, or city), acting as the context for the grayscale image. Each object 

and each context image subtended a maximum horizontal and vertical visual angle of 

approximately 3°.

2.4. Procedure

The procedure consisted of four blocks of study trials and four blocks of test trials. Young 

adults completed all four study blocks followed by all four test blocks. The memory load 

was halved for the older adults such that they studied and were tested on half of the blocks 

before repeating this sequence for the second half of the blocks (study-study-test-test-study-

study-test-test). Participants were given a short practice of both study and test blocks before 

beginning the experiment. The practice was repeated until understanding of the procedure 

was demonstrated. EEG data was collected for both the study and test blocks, although only 

the test/retrieval data is presented here.

The left side of Fig. 1 illustrates the study design including trial timing. Participants were 

instructed that they would be shown an image of a grayscale object flanked by a color and a 

scene and would be asked to make a subjective judgment about the relationship between the 

object and either the color (i.e., “Is this color likely for this object?”) or the scene (i.e., “Is 
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this object likely to appear in this scene?”). Written directions made it clear that participants 

should orient their attention to one context but not the other and verbal instructions 

reinforced that participants should attend to one context while ignoring the other. 

Participants responded by pressing one of two keys on the response pad with the first two 

fingers of their right hand to indicate their answer of “yes” or “no.” Button mapping was 

counterbalanced across participants. Each study block was divided into four mini blocks, 

each of which contained 18 trials. Piloting determined that this blocking procedure, as 

opposed to a randomized trial procedure, was necessary to ensure suitable levels of 

performance for both age groups. Before beginning each mini block, participants were 

prompted with the question “Likely color?” or “Likely scene?” to inform them of which 

judgment they should make. These prompts were also presented on the screen during each 

trial, underneath the images. After the completion of one mini block, they were prompted 

with the other question. Half of the participants began by making object-color judgments, 

while the other half began by making object-scene judgments. Location of color or scene 

was blocked such that two study blocks had a one spatial orientation (e.g. color on the left 

and scene on the right) while the other two study blocks had the opposite orientation (e.g. 

scene on the left and color on the right).

The structure of test trials including trial timing can be seen in Fig. 1. For all test trials, 

objects were presented centrally on the computer monitor along with one color and one 

scene. As with study trials, a color and a scene were presented on each side of the object’s 

picture. For each old object, the color and scene contexts were located on the same side of 

the object as they were during study. Participants first decided if objects were old or new by 

pressing one of two keys on the response pad with the first two fingers of their right hand to 

indicate “old” or “new.” If they responded that the object was new, the next trial would begin 

after 2000 ms. If they responded that the object was old, they were asked to make two 

context judgments - one judgment indicating whether the color that was presented with the 

test object matched the color that was presented with the object during encoding, and one 

judgment indicating whether the scene that was presented with the test object matched the 

scene that was presented with the object during encoding. Context match judgments were 

made on a scale ranging from 1 (certain match) to 4 (certain mismatch) by pressing 1 of 4 

keys on a response box. Half of the participants first judged color context match, while the 

other half of the participants first judged scene context match. Trials were designed such that 

for one quarter of the objects, the color and scene matched those presented during encoding, 

for another quarter of the objects the color matched but the scene did not, one quarter had a 

matching scene but nonmatching color, and the final quarter had neither matching scene nor 

color.

2.5. EEG acquisition and analysis

Electrophysiological signals were recorded from 32 Ag-AgCl electrodes using an ActiveTwo 

amplifier system (Biosemi, Amsterdam, Netherlands). Electrodes were positioned according 

to the extended 10–20 system (Nuwer et al., 1998). Electrodes were located at left/right 

hemisphere locations (FP1/FP2, AF3/AF4, F3/F4, F7/F8, FC1/FC2, FC5/FC6, C3/C4, 

T7/T8, CP1/CP2, CP5/CP6, P3/P4, P7/P8, PO3/PO4, O1/O2) as well as midline sites (Fz, 

Cz, Pz, Oz). Two electrodes were placed on the left and right mastoids to be used for offline 
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referencing. Vertical electrooculogram (VEOG) and horizontal electrooculogram (HEOG) 

were monitored by four additional electrodes placed above and below the right eye and on 

the outer canthus of each eye, respectively. The ActiveTwo system replaces traditional 

reference and ground electrodes with common mode sense (CMS) and driven right leg 

(DRL) electrodes, respectively. EEG was acquired with 24-bit resolution at a sampling rate 

of 512 Hz.

EEGLAB (Delorme and Makeig, 2004) and ERPLAB (Lopez-Calderon and Luck, 2014) 

were used for all offline data analysis. EEG data were re-referenced to the average of the left 

and right mastoid electrodes and were digitally band-pass filtered between 0.01 Hz and 40 

Hz. The EEG continuous data was epoched into time windows from 200 ms before to 1800 

ms after the onset of the first retrieval question (old/new). Each epoch was baselined 

corrected using the 200 ms prior to object onset. Artifacts were removed in 2 steps. First, 

epochs containing non-ocular artifacts (e.g. large drift, electrode spikes, saturation) were 

removed. Second, independent component analysis was used to remove ocular artifacts 

components from the remaining epochs (Delorme and Makeig, 2004). Epochs containing 

uncorrected artifacts (+ 150 μV)were removed. Epochs were averaged separately for each 

participant, electrode, and condition. Lastly, individual waveforms were smoothed with a 

low-pass filter of 12 Hz before averaging across participants and statistical analysis.

2.6. ERP analysis

EEG was recorded for both the study and test phases of the experiment, analyses focused 

solely on retrieval trials in order to evaluate our hypotheses regarding context memory 

accuracy and retrieval. In order to limit the number of comparisons, data were selected from 

9 electrode sites (AF3, AF4, Fz, C3, C4, Cz, P3, P4, Pz). Electrodes were chosen where ERP 

effects of interest were most evident and for consistency with similar previous studies (Cruse 

and Wilding, 2009; Cycowicz et al., 2001; Dulas and Duarte, 2013; Mark and Rugg, 1998; 

Trott et al., 1997). ERPs were locked to stimulus onset and were averaged separately for test 

trials on which participants (1) correctly judged studied items as “old” and correctly judged 

both contexts (Both correct ERPs hereafter), (2) correctly judged studied items as “old” and 

correctly judged only the context to which they attended during encoding (Attended only 
correct ERPs hereafter), and (3) correctly judged new test objects as unstudied (Correct 
rejections). There were insufficient numbers of trials for other conditions (i.e., false alarms, 

Unattended only context correct, high vs. low confidence for each context) to form reliable 

ERPs for all participants. Statistical analyses were performed on mean ERP amplitudes for 

conditions of interest over latency windows described below. These data were submitted to 

the following within and between group analyses.

First, in order to establish the reliability of old-new effects across the recording epoch for 

each age group, 3 Condition [Both correct, Attended only correct, Correct rejection] × 3 

Sagittal [Left, Middle, Right] × 3 Coronal [Frontal (AF3/FZ/AF4), Central (C3/CZ/C4), 

Posterior (P3/PZ/P4)] omnibus ANOVAs were conducted separately for 250–500 ms and 

500–800 ms time windows, based on similar previous studies (Cruse and Wilding, 2009; 

Cycowicz et al., 2001; Dulas and Duarte, 2013; Mark and Rugg, 1998; Trott et al., 1997), 

and for the 1000–1600 ms window in order to better evaluate the centroposterior maximal 
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LPN effect. Second, between group analyses were conducted with a Sagittal × Coronal × 

Group ANOVA on the reliable old-new difference scores of each group within each time 

window. If the ANOVA revealed significant effects involving Sagittal or Coronal factors, the 

ANOVA was run again with vector-length rescaled difference scores (McCarthy and Wood, 

1985). The vector-length rescaling method removes the overall amplitude differences 

between electrodes while preserving topographical differences. Significant effects involving 

Sagittal or Coronal factors between groups are indicative of differences in the underlying 

neural generators.

For all analyses, significant effects at an alpha level of 0.05 were followed up with 

subsidiary ANOVAs to determine the source of the effects. P-values reflect Huynh-Feldt 

corrections, where appropriate. The behavioral averages and the ERP averages are based on 

the same data (i.e., the data for the 22 young adults and 21 older adults were used in all 

statistical tests).

3. Results

3.1. Neuropsychological assessment results

Group characteristics and results for neuropsychological tests are shown in Table 1. Older 

adults exhibited significantly poorer performance as compared to the young on several tasks, 

including Trails A and B, Visual Recognition, Visual Reproduction, and Delayed Visual 

Recognition [t(41)’s > 2.16, p’s < 0.04, d’s > 0.72]. There were no other significant group 

differences [t(41)’s < 1.48, p’s > 0.15, d’s < 0.49].

3.2. Behavioral results

Table 2 presents the mean proportion of hits, false alarms, and correct context judgments for 

attended and unattended contexts. Item recognition accuracy was estimated using the Pr 

measure of discriminability: p(hits)-p(false alarms) (Snodgrass and Corwin, 1988). Pr 

estimates were 0.67 (SD = 0.15) and 0.61 (SD = 0.15) for young and older adults, 

respectively. An independent t-test revealed no significant group difference in item 

recognition [t(41) = 0.78, p = 0.44, d = 0.24]. Given that people judged contexts as matching 

or mismatching the context that was studied with a picture, chance performance for context 

accuracy in Table 2 was 0.5. For both age groups, context accuracy was above chance for 

attended features, [t(21) = 14.19, p < 0.001, d = 3.03] for the young and [t(20) = 8.42, p < 

0.001, d = 1.84] for the old. Context accuracy was above chance for unattended features for 

the young [t(21) = 3.93, p = 0.001, d = 1.72] but not the old [t(20) = 1.72, p = 0.10, d = 

0.77]. A Context (Attended, Unattended) × Group (Young, Old) ANOVA revealed main 

effects of Context [F(1, 41) = 139.25, p < 0.001,  ] and Group [F(1, 41) = 25.68, 

p < 0.001, ] that was modified by an interaction between these factors [F(1, 41) 

= 15.83, p < 0.001, ]. The main effect of Context reflects the fact that 

participants recognized attended features better than unattended features, suggesting that our 

manipulation of attention during encoding was effective at enhancing context memory 

accuracy. The interaction reflects the fact that older adults’ context memory accuracy was 

particularly impaired for attended contextual features. Young adults were better able to 
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correctly identify attended contextual features than older adults [t(41) = 5.18, p < 0.001, d = 

1.62], but the two groups did not differ in ability to correctly identify unattended features 

[t(41) = 0.74, p = 0.463, d = 0.23].

Fig. 2 presents the mean proportions of hits for which participants correctly judged both 

contexts (Both correct trials), only the attended context (Attended only correct), only the 

unattended context (Unattended only correct), or only the item (i.e., neither context was 

correctly judged; Neither correct).2 Consistent with the analyses presented above, young 

adults performed significantly better than older adults, as can be seen in their higher 

proportion of Both correct and Attended only correct trials [t’s > 3.844, p’s < 0.001, d’s > 

1.24].

The reduced proportion of Attended only correct trials in older adults compared to young 

adults is potentially consistent with reduced selective attention during encoding in the old. In 

order to determine whether older adults show evidence of ‘hyper-binding’ of attended and 

unattended contextual features, we calculated the conditional probabilities of correct 

judgments for attended and unattended contextual features using the proportions in Fig. 2. 

Specifically, the probability of correctly endorsing the attended context given that the 

unattended context was correct was calculated as: p(Both correct)/[p(Both correct)

+p(Unattended only correct)]. The probability of correctly endorsing the attended context, 

given that the unattended context was incorrect, was calculated as: p(Attended only correct)/

[p(Attended only correct) + p(Neither correct)]. Similarly, the probability of correctly 

endorsing the unattended context given that the attended context was correct was calculated 

as: p(Both correct)/[p(Both correct) + p (Attended only correct)]. The probability of 

correctly endorsing the unattended context given that the attended context was incorrect was 

calculated as: p(Unattended only correct)/[p(Unattended only correct) + p(Neither correct)]. 

Similar formulas have been used to assess conditional context accuracy previously 

(Uncapher et al., 2006). These conditional context accuracy probabilities are shown in Table 

3.

If older adults are more likely than young adults to show evidence of hyper-binding because 

of reduced selective attention, they should show greater conditional dependence between 

attended and unattended context accuracy. To examine this possibility, we conducted a 

Context (Attended, Unattended) × Accuracy of the other feature (Correct, Incorrect) × 

Group (Young, Old) ANOVA. This revealed a main effect of Context [F(1, 41) = 133.71, p < 

0.001, ], a main effect of Group [F(1, 41) = 28.93, p < 0.001, ], a 

Context × Group interaction [F(1, 41) = 13.36, p = 0.001, ], and a marginal 

Accuracy × Group interaction [F(1, 41) = 2.73, p = 0.11, ]. Subsidiary 

ANOVAs for each age group revealed a main effect of Context for the young [F(1, 21) = 

108.60, p < 0.001, ], but no other significant effects [F(1, 21)’s < 0.049, p’s > 

2We analyzed these proportions for attend color and attend scene trials separately. These results are presented in Supplementary 
material. Importantly, the results reveal a similar pattern of response type across conditions suggesting that the results are not driven 
by greater difficulty ignoring one context or the other. However, context memory performance was somewhat better for attend color 
than attend scene trials across groups.
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0.83, ]. Older adults showed a main effect of Context [F(1, 20) = 33.81, p < 

0.001, ] as well as a main effect of Accuracy [F(1, 20) = 4.84, p = 0.04, 

]. These results suggest that for older adults only, context accuracy was more 

likely for one feature (attended or unattended) if accuracy for the other feature was correct 

as opposed to incorrect.

The mean proportions of high and low confidence judgments for attended and unattended 

contexts for Both correct, Attended only correct, and Neither correct conditions can be seen 

in Table 4. First, both age groups were more likely to judge attended and unattended 

contextual features with low confidence when neither context was correct (item only hits) 

than for either of the correct context conditions, [t(21)’s > 7.29, p’s < 0.001, d’s = > 3.18] 

for the young and [t(20)’s > 1.75, p’s < 0.095, d’s = > 0.78] for the old. We conducted a 

Condition (Both correct, Attended only correct) × Confidence (Attended high/Unattended 

high, Attended high/Unattended low, Attended low/Unattended high, Attended low/

Unattended low) × Group (Young, Old) ANOVA. The analysis revealed a main effect of 

Confidence [F(3, 123) = 14.28, p < 0.001, ] and an interaction between 

Confidence and Group [F (3,123) = 9.42, p < 0.001, ]. As can be seen in the 

table, the lack of Condition effect reflects the fact that there were no differences in 

confidence ratings between Both correct and Attended only correct conditions. Young 

participants were more likely to judge attended features with high confidence and 

unattended features with low confidence than any of the other confidence combinations 

[t(21)’s > 2.27, p’s < 0.034, d’s > 0.99]. By contrast, for the majority of trials, older adults 

judged both attended and unattended features with low confidence [t (20)’s > 2.38, p’s < 

0.027, d’s > 1.07]. These results suggest that older adults were more likely than the young to 

judge attended object - context associations with low confidence.

Finally, as a parallel to the ERP results, we computed reaction times (RTs) for Both correct, 

Attended only correct, and Correct rejection trials relative to the onset of the initial old-new 

response prompt. These RTs (in milliseconds) were 1256.25, 1257.29, and 1157.49, 

respectively, for young adults and 1417.05, 1426.15, and 1478.49 for older adults. A 

Condition (Both correct, Attended only correct, and Correct rejection) × Group (Young, Old) 

ANOVA revealed a main effect of Group [F(1, 41) = 17.01, p < 0.001, ], and a 

significant Condition × Group interaction [F(2, 82) = 5.819, p = 0.015, ]. 

Follow-up tests (using a Bonferroni corrected α = 0.0167) revealed that response times were 

faster for Correct rejections than Both correct and Attended only correct trials for young 

adults [t(21)’s > 3.25, p’s < 0.004, d’s> 0.98]. Both correct and Attended only correct trial 

response times did not differ [t(21) = 0.071, p = 0.944, d = 0.02]. No differences were 

significant for older adults [t(20)’s < 1.12, p’s > 0.28, d’s < 0.50].

3.3. ERP results

ERPs to studied objects associated with correct context judgments for only the attended 

context or for both the attended and unattended contextual features, along with ERPs for 

correctly rejected new objects, are shown for young adults in Fig. 3 and older adults in Fig. 
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4. Both groups showed evidence of old-new effects reported in previous studies, where 

correct context ERPs elicited more positive-going activity than correct rejection ERPs 

starting around 250 ms post-stimulus onset. A sustained negative-going effect was 

particularly evident in older adults beginning around 1000 ms post-stimulus onset. It has 

been suggested that early old-new effects (i.e., FN400, parietal old-new) may be obscured by 

sustained effects like the LPN, potentially confounding the interpretation of differences 

between the young and old for these effects (Dulas and Duarte, 2013; Li et al., 2004). To 

account for this possible confound, we applied a first-order polynomial detrend temporal 

filter to remove the sustained components from the ERPs for both young and older adults. 

Results for the early time windows (250–500 ms, 500–800 ms) are reported for this 

detrended data, while results for the late time window (1000–1600 ms) are reported for the 

non-detrended data. Results for the ANOVAs for each time window are shown for young 

adults in Table 5 and for older adults in Table 6.

3.3.1. 250–500 ms

3.3.1.1. Young adults: The ANOVAs for the 250–500 ms time window revealed significant 

old-new effects for Both correct and Attended only correct trial types, as seen in Fig. 3 and 

Table 5. Follow-up ANOVAs (using a Bonferroni corrected α = 0.0167) for Attended only 

correct trials revealed reliable effects of condition at frontal and central electrodes [F(1, 

21)’s > 10.10, p’s < 0.005, ] and at left and middle locations [F(1, 21)’s > 

7.27, p’s < 0.015, ], but effects at right and posterior electrodes were 

marginal [F(1, 21)’s o 1.55, p’s > 0.03, ]. Follow-up tests revealed no 

differences between Both correct and Attended only correct old-new effects at any location 

[F(1, 21)’s < 1.73, p’s > 0.20, ].

3.3.1.2. Oder adults: Similar to the young, ANOVAs for older adults revealed reliable old-

new effects for both conditions, as seen in Table 6 and Fig. 4. Follow-up analyses for Both 

correct trials indicated that these effects were significant at the corrected α level (0.0167) for 

middle electrodes [F(l, 20) = 11.48, p = 0.003, ] and marginal at right and left 

locations [F(1, 20)’s < 6.10, p’s > 0.02, ]. For Attended only correct trials, 

follow-up ANOVAs revealed a significant old-new effect for central [F(1, 20) = 20.61, p < 

0.001, ] and posterior electrodes [F(2, 40) = 5.67, p = 0.007, ], and 

a marginal effect at frontal electrodes [F(1, 20) = 6.42, p = 0.02, ].

3.3.1.3. Between-group analyses: Because there were no differences between Both correct 

and Attended only correct conditions for either group, we collapsed across these old-new 

effects before comparing them between groups. Between-group ANOVAs indicated no 

differences in old-new effects exhibited by young and older adults in this early time window 

(all effects involving Group: F’s < 1). As there were no reliable group effects in the raw 

difference scores, vector-length rescaled analyses were not performed.
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3.3.2. 500–800 ms

3.3.2.1. Young adults: The ANOVAs for the 500–800 ms time window revealed robust old-

new effects across the scalp in both conditions, as can be seen in Fig. 3 and Table 5. Follow-

up analyses for Both correct and Attended only correct trials revealed these effects of 

condition were reliable (using a corrected α = 0.0167) at left, middle, and right locations 

[F(1, 21)’s > 11.88, p’s < 0.002, ].

3.3.2.2. Older adults: ANOVAs for this window showed similar robust old-new effects as 

seen in the young. Follow-up analyses for Both correct trials revealed significant effects at 

left, middle, and right locations [F(1, 20)’s > 12.34, p’s < 0.002, ].

3.3.2.3. Between-group analyses: Because there were no differences between Both correct 

and Attended only correct conditions for either group, we collapsed across these old-new 

effects before comparing them between groups. Between-group ANOVAs indicated no 

differences in old-new effects exhibited by young and older adults in this time window (all 

effects involving Group: Fs< 1.20). As there were no reliable group effects in the raw 

difference scores, vector-length rescaled analyses were not performed.

3.3.3. 1000–1600 ms

3.3.3.1. Young adults: A negativity was observed in the 1000–1600 ms time window across 

centroposterior midline sites for Both correct and Attended only correct conditions, as can 

be seen in Fig. 3. The ANOVAs for the 1000–1600 ms time window revealed significant old-

new effects for both conditions as seen in Table 5. However, follow-up analyses were not 

significant [F(1,21)’s < 2.56, p’s > 0.101, ], owing to the fact that the LPN 

was fairly weak for the young.

3.3.3.2. Older adults: The ANOVAs for this time window revealed significant negativities 

for Both correct and Attended only correct trial types, as can be seen in Table 6 and Fig. 4. 

Follow-up tests for Both correct trials revealed significant effects at the corrected alpha level 

(0.0167) for middle and right electrodes [F(2,40)’s > 7.56, p’s < 0.002,  ], 

but not left electrodes [F(2,40) = 0.46, p = 0.96,  ]. Follow-up ANOVAs for 

Attended only correct trials were marginal at middle electrodes [F(1,20)’s < 3.27, p’s > 0.09, 

]. Because the widespread LPN might swamp positive effects, we tested 

specifically for a right frontal positivity over electrode AF4, which did not quite reach 

significance in either the Both correct or the Attended only correct condition [t(20)’s < 1.97, 

p’s > 0.06, d’s < 0.43].

3.3.3.3. Between-group analyses: Because there were no differences between Both correct 

and Attended only correct conditions for either group, we collapsed across these old-new 

effects before comparing them between groups. The ANOVAs comparing difference scores 

in this time window revealed a reliable Sagittal × Group interaction [F(2, 82) = 4.01, p = 

0.02, ]. The vector-length rescaled ANOVAs also showed a reliable Sagittal × 
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Group interaction [F(2, 82) = 5.05, p = 0.009, ]. As can be seen in Figs. 3 and 4, 

while LPN effects were localized to centroposterior midline locations for the young, they 

were more widespread for older adults.

4. Discussion

In the current study participants selectively attended to a target contextual feature while 

ignoring a co-occurring distractor feature during encoding. Thus, we investigated the effect 

of selective attention with competition at encoding on the processes supporting successful 

context retrieval in the young and old. Both young and older adults were generally 

successful in selectively attending to the context during encoding, as evidenced by greater 

memory accuracy and confidence for attended than unattended contextual features. Older 

adults, compared to young adults, were less confident in their memory decisions for attended 

features and showed greater conditional dependence in memory accuracy for attended and 

unattended features (i.e., hyper-binding). While early old-new ERP results were largely 

consistent between young and older adults, older adults showed a pronounced late posterior 

negativity (LPN) consistent with enhanced engagement of episodic reconstruction processes. 

These results and their implications are discussed below.

4.1. Behavioral results

As is commonly observed in aging studies, context memory but not item recognition was 

diminished in older adults compared to the young. Importantly, our manipulation of halving 

the memory load for older adults allowed us to examine the interactions between aging, 

selective attention, and context memory performance and related ERPs without the 

confounding influence of large group differences in memory performance (Rugg and 

Morcom, 2005). With regard to the selective attention manipulation, both young and older 

adults showed much greater context memory accuracy for previously attended than 

previously unattended contextual features. This suggests that young and older adults alike 

were able to selectively attend to and encode task relevant contextual features. This finding 

builds upon previous findings from our lab (Dulas and Duarte, 2013) and others’ (Glisky and 

Kong, 2008; Glisky et al., 2001; Hashtroudi et al., 1994; Naveh-Benjamin et al., 2007) 

showing that young and older adults can direct their attention toward relevant event details in 

a manner that supports subsequent context or associative memory performance. Here we 

extend these findings to show that participants can successfully focus their attention on these 

relevant details even in the presence of a contextual distractor.

In our previous study, participants were directed to attend to the color of studied objects or 

to the relative size of the objects, and subsequent context memory judgments referenced the 

objects’ prior encoding color (Dulas and Duarte, 2013). Color context accuracy was still 

well above chance even when participants did not attend to object-color associations during 

encoding. This differs from the present findings in which context memory accuracy for the 

unattended context was only barely above chance in each age group. One important 

difference between the design of this study and our previous one is that in the current study, 

color and scene contexts were presented as extra-item features, flanking the centrally 

presented objects. Associative memory accuracy is greater for intra-item features, like the 
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color in which objects are presented, than for extra-item features (Moscovitch, 1992). 

Intraitem features are believed to be bound into memory automatically even when they are 

incidental to encoding task demands (Ecker et al., 2013). Thus, the most likely explanation 

for the relatively poor performance for unattended contextual features in the current study is 

that presenting them extrinsically to the objects made them less likely to be obligatorily 

encoded.

Context accuracy performance indicated that young and older adults were able to selectively 

attend to and encode task-relevant contextual features during encoding. There were also 

some important group differences in patterns of context memory performance that point to 

older adults’ limited success in ignoring distracting contextual features. First, young adults 

remembered the majority of attended object-context relationships with high confidence 

(75%) and of unattended object-context relationships with low confidence (70%). By 

contrast, older adults remembered the majority of attended (56%) and unattended (68%) 

context features with low confidence. Importantly, both groups showed similar levels of low 

confidence when they failed to recover any contextual details suggesting that older adults 

were not simply less confident, or conversely young adults very confident, across all 

conditions. The confidence responses for young adults are consistent with their accuracy 

data showing very low/chance level accuracy for unattended contextual features. That is, if 

participants were very successful in selectively attending to and binding targets during 

encoding, their context decisions about unattended features would be based largely on 

guesses and confidence is typically low for guess-based judgments (Dunn, 2004).

Why might older adults show primarily low confidence for the attended object-context 

relationships that they correctly recovered? One possible explanation is that different 

neurocognitive processes support high and low confidence context memory judgments. 

Specifically, high confidence responses may be supported by a threshold recollection signal 

while low confidence judgments are supported by a continuous familiarity signal (see 

Yonelinas and Parks (2007) for review of process models of source memory). We think this 

possibility is unlikely for two reasons. First, numerous behavioral studies have shown that 

correct context memory decisions can be based on signals that vary continuously in memory 

strength (Qin et al., 2001; Slotnick, 2010; Slotnick and Dodson, 2005). Second, as discussed 

below, the ERP data do not indicate age-related differences in the degree of familiarity or 

recollection supporting context memory retrieval. An alternative possibility that we favor is 

that both young and older adults based attended context memory decisions on recollected 

context-specifying details but that the quality of this information may have been less robust 

or complete for the old. For example, participants can sometimes recollect partial contextual 

information such as the gender of a previously heard speaker but not the specific voice 

(Dodson et al., 1998). The presence of a contextual distractor during context encoding in the 

current study may have increased the proportion of correct judgments based on partial 

contextual details, particularly for older adults. As we did not measure the amount of 

specific features recollected (e.g. that scene was indoor but not the particular features of the 

room), future studies will be necessary to determine the kinds of specifying information 

upon which participants based their context memory judgments.
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The second major difference in performance between age groups was the finding that the 

probability of correctly retrieving one contextual feature, particularly the unattended, was 

dependent on successfully retrieving the other, attended feature for the older adults only. The 

conditional dependence in context accuracy for the old is consistent with the ‘hyper-binding’ 

phenomenon in which older adults form associations between targets and distractors 

occurring simultaneously (Campbell et al., 2010) or near in time (Campbell et al., 2014). 

While some evidence suggests dependence in accuracy for co-occurring contextual features 

in young adults, these studies investigated intrinsic contextual features (color, location, font 

size), which as we discussed above, are more likely to be bound together automatically than 

are extrinsic ones (Meiser and Broder, 2002; Uncapher et al., 2006). Numerous studies show 

that young adults are better at suppressing task-irrelevant distractors than are older adults in 

various kinds of tasks, including memory (reviewed in Hasher and Zacks, 1988; Healey et 

al., 2008). Thus, the most likely explanation for the dependence in context accuracy for 

older adults is that they were less able than the young to suppress the to-be-ignored features 

during encoding, and consequently formed associations between these distractors and the 

target contextual features. It should be noted that in previous studies the associations formed 

between targets and distractors improve associative memory performance in older 

participants, although they are not able to explicitly recognize these associations (Campbell 

et al., 2010). In the current study context accuracy for unattended features did not exceed the 

level of chance in older adults. Thus, these results are consistent with the idea that hyper-

binding can affect explicit memory performance even if the associations are only known 

implicitly.

Collectively, these behavioral results support the inhibitory deficit hypothesis of aging and 

suggest that inhibitory dysfunction may interfere with selective item-context encoding 

thereby contributing to age-related contextual memory impairments. The question of 

whether the current results can better be explained by dysfunction in limiting memory access 

to the distractors and/or to deleting them from working memory during encoding (Hasher 

and Zacks, 1988) will require further investigation.

4.2. ERP results

Before discussing the individual ERP effects, it is important to note that there were virtually 

no differences between ERPs for trials for which both contexts or only the attended context 

only was correctly retrieved. Taken alone, this may seem somewhat surprising given that 

some ERP effects like the parietal old-new effect have been shown to vary with the number 

of recollected event details (Vilberg and Rugg, 2008). However, the lack of difference 

between these trial types is highly consistent with the behavioral findings that indicate the 

majority of the trials on which people correctly judged both contexts might have simply 

reflected accurate guessing of the unattended context.

4.2.1. Early effects: FN400 and parietal old-new—The FN400, which has been tied 

to familiarity-based recognition (Duarte et al., 2004; Friedman and Johnson, 2000; Rugg and 

Curran, 2007) or conceptual priming (Voss, Lucas, and Paller, 2009) was equivalent in 

magnitude for young and older adults. These results stand in contrast to previous findings 

showing reduced behavioral estimates of familiarity (Davidson and Glisky, 2002; Duarte et 
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al., 2006; Parks, 2007; Wang et al., 2012a) and attenuated FN400 effects (Duarte et al., 

2006; Dulas and Duarte, 2013; Dulas et al., 2011; Trott et al., 1999; Wang et al., 2012a; 

Wolk et al., 2009) in older adults. However, there is also evidence of age-invariance in the 

FN400 (Ally et al., 2008; Gutchess et al., 2007; Mark and Rugg, 1998; Nessler et al., 2008; 

Wegesin et al., 2002). The discrepancies between studies cannot be obviously explained by 

the presence or absence of group differences in memory accuracy or the procedure used to 

assess recognition (i.e., remember/know, context memory). The most likely explanation for 

the current results is that older adults were able to make use of the same familiarity signal as 

young adults during context recognition decisions. Why might this be? As previously 

discussed, the poor accuracy for unattended compared to attended contextual features 

indicates that both groups were able to selectively attend to and encode target contextual 

features during encoding. The context memory decisions for unattended contexts were likely 

based primarily on weak familiarity signals. Thus, selective attention demands may have 

increased the degree of familiarity-based recognition for both age groups. It is also possible 

that the perceptually rich stimuli used here (objects, scenes, and colors) enhanced familiarity 

signals (see Ally et al., 2008; Wang et al., 2012b for similar explanations). It would be 

important to directly test these possibilities in future work by varying the nature of the 

stimuli, and including a direct measure of familiarity.

The parietal old-new effect has typically been associated with recollection in many studies 

using multiple response methods (remember/know, context memory) (Curran, 2000; 

Friedman and Johnson, 2000; Rugg and Curran, 2007; Wilding, 2000) and the magnitude of 

this effect is proportional to the amount of information recollected (Vilberg et al., 2006). If 

accuracy for unattended contextual features had been greater, it is probable that parietal old-

new effects would have been larger for trials for which both contexts were judged correctly 

compared to those for which only the attended context was retrieved. The lack of magnitude 

difference between these trial types in either age group is consistent with the behavioral 

findings showing chance level performance for the unattended context. Thus, the amount of 

information recollected for these trial types was similar and parietal old-new effects were 

very likely driven by memory for the attended context.

There was no difference in the magnitude of the parietal old-new effect between young and 

older adults. Age-related reductions (Ally et al., 2008; Wang et al., 2012a; Wegesin et al. 

2002) as well as age-invariance (Duarte et al., 2006; Li et al., 2004; Mark and Rugg, 1998; 

Trott et al., 1997, 1999) in parietal old-new effects have been observed in previous studies. 

As discussed for the FN400, the discrepancies do not necessarily seem related to whether 

group differences in context memory accuracy or recollection estimates exist. The current 

results suggest that the amount of information successfully recollected was similar for the 

young and old. This conclusion might seem at odds with the fact that context memory 

accuracy was reliably lower for older adults. However, this is not surprising if one considers 

a few factors. First, context judgments are not solely reliant on recollective processing, as 

discussed earlier (Mollison and Curran, 2012; Quamme et al., 2002; Slotnick and Dodson, 

2005). Second, we did not interrogate all the possible event details that participants 

recollected, some of which may have been ‘non-criterial’ such as thoughts and feelings 

experienced during encoding (e.g. Mollison and Curran, 2012; Yonelinas and Jacoby, 1996). 

Thus, young and older adults may have recollected the same number of details but only 
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some of them (i.e., color and scene details) would likely have supported context memory 

decisions (Duarte et al., 2008, 2006). In support of this view, previous behavioral evidence 

suggests that young and older adults report recollecting a similar amount but qualitatively 

different kinds of event details (Leshikar et al., 2014). Finally, lower quality perceptual 

details may have accompanied recollection for older adults thereby contributing to their 

reduced accuracy for scene and color context. Recent fMRI evidence showing reduced 

perceptual reactivation in visual association cortex for older adults (McDonough et al., 

2014) as well as our LPN ERP results discussed below offer support for this hypothesis.

4.2.2. Late old-new effects—We had predicted that a consequence of impaired 

suppression of distractors during encoding would be weaker object – context associations for 

attended/target features, and demands on post-retrieval monitoring and/or episodic 

reconstruction operations would be greater for older adults than young adults. Our ERP 

results were partially consistent with this hypothesis. Both young and older adults 

demonstrated a robust centroposterior maximal LPN, which was more widespread for older 

adults. Previous evidence suggests that the LPN reflects processes that serve to reconstruct 

the original encoding episode through reactivation of context-specifying information 

(Cycowicz et al., 2001; Friedman et al., 2005; Johansson and Mecklinger, 2003; Mecklinger 

et al., 2007). Because of the spatial distribution of the LPN, it has been hypothesized to 

reflect reactivation in visual cortical areas (Cycowicz et al., 2001), which would be 

consistent with nature of the scene and color contextual features in the current study. 

However, it is more likely that the LPN reflects processes that attempt to reconstruct the 

encoding episode by retrieving contextual attributes, which may be but do not necessarily 

need to be visual (Johansson and Mecklinger, 2003; Mecklinger et al., 2007). Importantly, 

these reconstruction processes are disproportionately engaged when these attributes are not 

readily available and also when multiple possible contextual associations can be retrieved 

(Mecklinger et al., 2007), as in the current study.

The episodic reconstruction hypothesis intimates that the LPN should be initiated prior to 

the participant’s response. The LPN in the current study was observed over the period of 

1000–1600 ms while old-new responses occurred between ~100–500 ms later and color and 

scene context memory decisions followed old-new responses. These data are consistent with 

our view that the LPN observed in the current study reflects episodic reconstruction 

processes that contribute to the memory decision. It is important to note that prior research 

has decomposed the LPN into temporally and functionally dissociable components (Herron, 

2007). While an early LPN occurring between 600 and 1200 ms and prior to response is 

sensitive to demands on searches for context-specifying information, a late LPN occurring 

between 1200 and 1900 ms and after response may reflect post-retrieval evaluation of this 

information. Participants in this previous study made only one response that combined old-

new and context memory decisions. As the LPN in the current study temporally overlaps 

these early and late components, it is possible that the later portion of the LPN may reflect 

post-retrieval evaluation. However, the fact that contextual response decisions occurred more 

than a second after the old-new responses could suggest that the late “post-retrieval” LPN 

may not substantially contribute to the LPN measured here. Unfortunately, preliminary 

analyses of response-locked ERPs and later portions of the test trials revealed that the data 
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became too noisy to obtain reliable ERPs for both age groups. An interesting question for 

future studies would be to assess the effects of age on different components of the LPN with 

experiments designed to disentangle these components, as has been conducted in young 

adults (Herron, 2007).

Several previous studies have shown stronger LPN effects in older than young adults 

(Cansino et al., 2012; Dulas and Duarte, 2013; Li et al., 2004). This group difference may 

suggest that older adults, to a greater extent than the young, rely on episodic reconstruction 

processes that help support context memory decisions. For example, remembering an object 

from the original encoding episode may lead participants to visualize the spatial 

configuration of the object with the flanking color and scene or some finer detail about 

features within the scene. Assuming that the quality of retrieved attended contextual 

information was inferior for older adults, their enhanced LPN is consistent with the idea that 

reconstruction processes are engaged when context-specifying details are not readily 

retrieved. Some theories of aging suggest that older adults may recruit additional processes 

relative to the young in a compensatory manner (Reuter-Lorenz and Cappell, 2008). It is 

possible that the enhanced recruitment of these reconstruction operations may serve a 

compensatory function for older adults but this is insufficient to raise context memory 

performance to the level of the young. Future studies incorporating simultaneous ERP and 

brain stimulation techniques such as transcranial magnetic stimulation (TMS) could be an 

interesting approach for testing this possibility.

Another late ERP effect that was evident but not particularly robust in the current study was 

the right frontal old-new effect for older adults. This effect is often observed in context 

retrieval studies (e.g. Cruse and Wilding, 2009; Senkfor and Van Petten, 1998; Wilding, 

1999; Wilding and Rugg, 1997). As it is typically larger when item-context associations are 

relatively weak (Dulas and Duarte, 2013; Kuo and Van Petten, 2006), it is suggested to 

reflect post-retrieval monitoring operations that are engaged when sought after information 

is difficult to recover and one is close to his or her decision criterion (i.e., “Am I certain this 

is the same scene?”). By this logic, we had predicted that the right frontal old-new effect, 

like the LPN, would be larger for older adults than the young. Indeed, we found evidence of 

this effect in the Both correct condition for older adults, as would be expected during the 

recovery of weaker item-context associations, although it was not reliable at an alpha level 

of 0.05. Nonetheless, the fact that the right frontal old-new effect was not absent in older 

adults is consistent with the idea that older adults are able to recruit frontally-mediated 

control operations to support memory performance when encouraged by the demands of the 

task (Dulas and Duarte, 2013, 2014; Logan et al., 2002).

4.3. Conclusion

In conclusion, results from the present study show that both young and older adults are 

generally successful in selectively attending to target contextual features during encoding. 

Consistent with the inhibition deficit hypothesis of aging, however, older adults are less able 

to suppress co-occurring distracting contextual features leading to less selective context 

memory accuracy (i.e., hyper-binding) and poorer memory quality compared to that of the 

young. ERPs indexing successful context memory retrieval were largely similar for young 
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and older adults. However, suppression deficits in older adults may have led to greater 

demands on processes that act to reconstruct prior learning episodes when sought after 

contextual details are not readily retrieved. These results have important implications for the 

ability of older adults to navigate through real world scenarios in which multiple event 

features compete for attention, but only a subset is relevant to current memory goals.
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Fig. 1. 
Experimental design.
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Fig. 2. 
Proportions of item hits associated with correct and incorrect judgments for attended and 

unattended context features. Error bars represent the 95% confidence interval for the mean.
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Fig. 3. 
Young participants. Grand average ERPs for objects recognized and associated with correct 

context judgments for the attended context only (Attended only correct), both attended and 

unattended contexts (Both correct), and for objects correctly rejected (Correct rejections) as 

new are shown for exemplar electrodes. Scalp topographies of old-new effects for Both 

correct and Attended only correct conditions are also shown. Time windows 250–500 ms 

and 500–800 ms depict polynomial detrended data while 1000–1600 ms depicts non-

detrended data. An average number of 125.41 (range: 73–139) Correct rejection trials, 74.95 
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(range: 34–126) Both correct trials, and 67.59 (range: 25–126) Attended only correct trials 

are included in the ERP averages depicted in this figure.
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Fig. 4. 
Older participants. Grand average ERPs for objects recognized and associated with correct 

context judgments for the attended context only, both attended and unattended contexts, and 

for objects correctly rejected as new are shown for exemplar electrodes. Scalp topographies 

of old-new effects for Both correct and Attended only correct conditions are also shown. 

Time windows 250–500 ms and 500–800 ms depict polynomial detrended data while 1000–

1600 ms depicts non-detrended data. An average number of 117.57 (range: 69–142) Correct 
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rejection trials, 56.19 (range: 28–100) Both correct trials, and 49.81 (range: 15–78) Attended 

only correct trials are included in the ERP averages depicted in this figure.
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Table 1

Group characteristics.

Measure Young (n=22) Old (n=21)

Age 21.33 (19.41, 23.25) 67.86 (66.06, 69.66)

Gender (F/M) 9/13 14/7

Education 14.21 (13.51, 14.91) 15.21 (14.22, 16.20)

Letter Fluency 46.39 (40.30, 52.48) 50.61 (40.93, 60.29)

List Recall (Immediate) 10.28 (9.43, 11.13) 9.16 (7.74, 10.58)

List Recall (Immediate, Cued) 10.28 (9.56, 11.00) 10.26 (9.37, 11.16)

List Recall (Delayed) 11.28 (10.64, 11.91) 10.05 (8.45, 11.66)

List Recall (Delayed, Cued) 11.17 (10.44, 11.90) 10.79 (9.99, 11.59)

List Recognition 12.00 (12.00, 12.00) 11.61 (11.31, 11.91)

MAS Digit Span Forward 7.61 (6.95, 8.27) 7.0 (6.38, 7.62)

MAS Digit Span Backward 5.50 (4.77, 6.23) 4.78 (4.04, 5.51)

Trails A (in seconds) 23.89 (20.62, 27.16) 36.48 (25.94, 47.03)**

Trails B (in seconds) 47.45 (41.08, 53.83) 84.81 (67.30, 102.31)**

Visual Recognition 18.17 (17.26, 19.07) 16.68 (15.57, 17.80)**

Delayed Visual Recognition 19.11 (18.41, 19.81) 16.47 (15.20,17.74)**

Visual Reproduction 8.89 (8.33, 9.45) 5.58 (4.43, 6.73)**

MOCA (older adults only) – 27.06 (26.02, 28.10)

Note: The 95% confidence interval for the mean is in parentheses. All test scores reported as raw scores.

**
Significant group difference (p < 0.05).
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Table 2

Mean proportion of hits, false alarms to unstudied items, and correct context judgments for attended and 

unattended context.

Hits False alarms Attended context accuracy Unattended context accuracy

Young 0.73
(0.67, 0.80)

0.06
(0.04, 0.08)

0.74
(0.71, 0.78)

0.53
(0.51, 0.54)

Old 0.70
(0.64, 0.76)

0.10
(0.07, 0.12)

0.62
(0.59, 0.65)

0.52
(0.50, 0.54)

Note: Proportion correct context accuracy represents the percentage of trials on which participants both judged a studied item old (hits) and judged 
a context (attended or unattended) accurately. The 95% confidence interval for the mean is in parentheses. All values have been rounded to the 
nearest hundredth
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Table 3

Correct context probabilities for attended and unattended context features conditionalized on context accuracy 

for the other context feature.

Attended correct if 
unattended correct

Unattended correct if 
attended correct

Attended correct if 
unattended incorrect

Unattended correct if 
attended incorrect

Young 0.74
(0.70, 0.78)

0.53
(0.51, 0.55)

0.74
(0.70, 0.78)

0.53
(0.49, 0.56)

Old 0.64
(0.60, 0.68)

0.53
(0.50, 0.56)

0.60
(0.57, 0.64)

0.49
(0.46, 0.52)

Note: The 95% confidence interval for the mean is in parentheses. All values have been rounded to the nearest hundredth.
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Table 4

Mean proportion of high or low confidence judgments for attended and unattended contexts as a function of 

whether participants judged both contexts correct or only the attended context correctly.

Both correct Attended only correct Neither correct

Young

 Attended High, Unattended High 0.25 (0.13, 0.37) 0.26 (0.14, 0.0.39) 0.16 (0.05, 0.27)

 Attended High, Unattended Low 0.49 (0.39, 0.58) 0.49 (0.39, 0.58) 0.23 (0.16, 0.30)

 Attended Low, Unattended Low 0.05 (0.03, 0.07) 0.04 (0.03, 0.06) 0.11 (0.07, 0.15)

 Attended Low, Unattended Low 0.21 (0.13, 0.29) 0.21 (0.14, 0.28) 0.50 (0.39, 0.61)

Old

 Attended High, Unattended High 0.21 (0.11, 0.31) 0.19 (0.10, 0.28) 0.15 (0.07, 0.23)

 Attended High, Unattended Low 0.23 (0.16, 0.30) 0.23 (0.16, 0.31) 0.18 (0.12, 0.23)

 Attended Low, Unattended High 0.11 (0.06, 0.15) 0.11 (0.06, 0.15) 0.15 (0.10, 0.20)

 Attended Low, Unattended Low 0.45 (0.32, 0.58) 0.47 (0.33, 0.60) 0.53 (0.39, 0.66)

Note: The 95% confidence interval for the mean is in parentheses. All values have been rounded to the nearest hundredth.
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Table 5

ANOVA results for all ERP time windows for young adults.

250–500 ms 500–800 ms 1000–1600 ms

Omnibus

Cond (2, 42) 6.87
p = 0.003
η2 = 0.25

13.14
p <0.001
η2=0.39

–

Cond × Sagittal (4.84) 2.64
p = 0.04
η2 = 0.11

3.20
p = 0.02 η2 = 0.13

4.07
p = 0.005
η2 = 0.16

Cond × Coronal (4,84) 3.31
p = 0.02
η2 = 0.14

– –

Cond × Sagittal × Coronal (8,168) – – –

BC vs. CR

Cond (1,21) 9.41
p = 0.006
η2 = 0.31

17.13
p < 0.001
η2 = 0.45

–

Cond × Sagittal (2,42) – 4.19
p = 0.02 η2 = 0.17

7.43
p = 0.002
η2 = 0.26

Cond × Coronal (2,42) – – –

Cond × Sagittal × Coronal (4,84) – – –

AC vs. CR

Cond (1,21) 8.59
p = 0.008
η2 = 0.29

14.80
p = 0.001
η2 = 0.41

–

Cond × Sagittal (2,42) 4.45
p = 0.02
η2 = 0.18

4.89
p = 0.01 η2 = 0.19

4.38
p = 0.02
η2 = 0.17

Cond × Coronal (2,42) 5.32
p = 0.02
η2 = 0.20

– –

Cond × Sagittal × Coronal (4,84) 2.48
p = 0.05
η2 = 0.11

– –

BC vs. AC

Cond (1,21) – – –

Cond × Sagittal (2,42) – – –

Cond × Coronal (2,42) 4.42
p = 0.03
η2 = 0.17

– –

Cond × Sagittal × Coronal (4,84) – – –

Note: CR = Correct rejection; Cond = Condition (Both correct, Attended only correct, Correct rejection); Sagittal = (Left, top, Right); Coronal 

(Frontal, Central, Posterior). – = No significant effect (α> 0.05). All reported η2 are  values. All values have been rounded to the nearest 

hundredth.
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Table 6

ANOVA results for all ERP time windows for older adults.

250–500 ms 500–800 ms 1000–1600 ms

Omnibus

Cond (2,40) 5.77
p = 0.006
η2 = 0.22

12.57
p < 0.001
η2 = 0.39

–

Cond × Sagittal (4,80) 3.20
p = 0.02
η2 = 0.14

– –

Cond × Coronal (4,80) – – 4.30
p = 0.01
η2 = 0.18

Cond × Sagittal × Coronal (8,160) – – 2.37
p = 0.03
η2 = 0.11

BC vs. CR

Cond (1,20) 7.50
p = 0.01
η2 = 0.27

18.14
p < 0.001
η2 = 0.48

–

Cond × Sagittal (2,40) 6.85
p = 0.003
η2 = 0.26

3.86
p = 0.03
η2 = 0.16

–

Cond × Coronal (2,40) – – 8.68
p = 0.002
η2 = 0.30

Cond × Sagittal × Coronal (4,80) – – 4.66
p = 0.002
η2 = 0.19

AC vs. CR

Cond (1,20) 12.02
p = 0.002
η2 = 0.38

15.95
p = 0.001
η2 = 0.44

–

Cond × Sagittal (2,40) – – –

Cond × Coronal (2,40) 3.71
p = 0.03
η2 = 0.16

– 4.45
p = 0.02
η2 = 0.18

Cond × Sagittal × Coronal (4,80) – – –

BC vs. AC

Cond (1,20) – – –

Cond × Sagittal (2,40) – – –

Cond × Coronal (2,40) – – –

Cond × Sagittal × Coronal (4,80) – – –

Note: CR = Correct rejection; Cond = Condition (Both correct, Attended only correct, Correct rejection); Sagittal = (Left, top, Right); Coronal 

(Frontal, Central, Posterior). – = No significant effect (α> 0.05). All reported η2 are  values. All values have been rounded to the nearest 

hundredth.
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