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Abstract 

Recent studies showed that performing a 2-Back during post-encoding had similar facilitating 

effects on memory consolidation as wakeful rest, possibly due to a balance between the 

interreference effects of autobiographical thinking (suppressed during 2-Back) and the 

facilitating effects of offline replay (increased during rest) on memory consolidation. The 

current study investigates the relationship between autobiographical thinking and memory 

consolidation in a within-subjects design, by comparing two post-encoding periods differing 

in task difficulty: 0-Back and 2-Back. Participants (N = 22) performed two sessions of three 

blocks; an encoding task, a 15-minute post-encoding period, and a recognition task. 

Autobiographical thinking was measured via experience-sampling thought probes. We 

predicted autobiographical thinking to interfere with consolidation and more autobiographical 

thinking during the 0-Back compared to the 2-Back. We also expected equal memory 

consolidation across conditions, assuming increased offline replay during the 0-Back. As 

hypothesized, autobiographical thinking was higher during the 0-Back than during the 2-

Back, and results showed no difference in memory consolidation across the post-encoding 

conditions. The present findings did not show a direct relationship between autobiographical 

thinking during post-encoding and consolidation. We argue that the failure to detect a 

relationship can be explained by the current study being underpowered, due to small sample 

size and the number of thought probes. In conclusion, results do show that manipulating task 

difficulty of the n-Back can be an effective method to affect autobiographical thinking. 

However, the relationship of autobiographical thinking and memory consolidation remains 

unclear, and requires further research.  

Keywords: episodic memory consolidation, n-back task, task difficulty, 

autobiographical thinking 
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Effect of Post-Encoding Task Difficulty on Episodic Memory Consolidation 

For centuries we have been searching for methods and strategies to decrease 

forgetting. Newly formed memories are labile and vulnerable to interference (Lechner et al., 

1999). Episodic memory consolidation is an essential cognitive function, in which labile 

memory content becomes stable, long-lasting memories with increased probability of recall at 

a later point in time (Dudai et al., 2015). Memory will become less reliable on the temporary 

hippocampal store and more on the permanent neocortical store, which will decrease the 

chance of forgetting due to integration with the existing knowledge network (Squire et al., 

2015).  

Consolidation begins within seconds after memory is encoded and can last for days, 

months or even years, depending on the memory system and task (Dudai et al., 2015). During 

that post-encoding period, activities can facilitate or interfere with memory consolidation. 

Research has shown that brief periods of wakeful rest after encoding facilitate consolidation 

(Dewar et al., 2007). The positive effects of wakeful rest can be explained by an increase of 

offline replay which is associated with memory consolidation (Carr et al., 2011; Tambini et 

al., 2010). Offline replay is a neural process, in which the hippocampus triggers repeated 

reactivation of recently encoded memory traces in the brain. During wakeful rest the 

hippocampus is disengaged from encoding new memories, through which brain resources 

become available for offline replay (Mednick et al., 2011). 

 Opposite to wakeful rest, performing different cognitive tasks (e.g. watching videos, 

spot-the-difference games, tone detection task) after encoding has shown to interfere with 

memory consolidation (Dewar et al., 2007). Varma et al. (2017) hypothesized that 

interference of a cognitive task may arise from increased demand on hippocampal and other 

memory resources. During cognitive demanding tasks brain resources can be limited, because 

of the constant metabolic consumption of the brain (Raichle & Gusnard, 2002). A demanding 

cognitive task can cause reallocation of brain resources towards the task, and away from 

consolidation-relevant processes, such as offline replay. This could lead to a decrease in 

memory consolidation.  

Just like external cognitive tasks can interfere with memory consolidation, internal 

ones can too. A resting mind tends to wander (Smallwood & Schooler, 2006) and focusing on 

internal information during post-encoding, such as autobiographical thinking (i.e. recall of 

individual memories of specific events), can decrease memory consolidation. Specifically, 

promotion of autobiographical thinking (i.e. via familiar sound-cues during post-encoding), 

has shown to interfere with memory consolidation (Craig et al., 2014; Varma et al., 2018). 
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Furthermore, neuroimaging studies have shown that autobiographical thinking is associated 

with activity in the default-mode network (DMN). The DMN consists of brain regions, 

including the hippocampus, that remain active during wakeful rest (Mason et al., 2007). 

Autobiographical thinking could interfere with consolidation by reallocating hippocampal 

resources necessary for memory consolidation (Mednick et al., 2011). From these results it 

seems that anything other than wakeful rest, whether an internal task or an external task, 

cause interference.  

Interestingly, a study by Varma et al. (2017) seemed to challenge the prevalent notion 

that any form of mental effort causes interference. They administered a 2-Back task – a 

cognitively demanding task used to measure working memory – during a post-encoding 

period and found that it did not interfere with memory consolidation. Varma et al. (2017) 

elaborate on two explanations of how engaging in a 2-Back during post-encoding does not 

interfere with memory consolidation. Firstly, an n-Back task might not interrupt consolidation 

processes due to the hippocampal independent nature of the n-Back task. Engaging in a 2-

Back task even decreases hippocampal activity (Esposito et al., 2006), that could drive the 

facilitation of memory consolidation (Mednick et al., 2011). Secondly, difficulty of the 2-

Back task is likely to suppress autobiographical thinking. Varma et al. (2017) hypothesized 

that autobiographical thinking interferes with memory consolidation, but conclusive results 

are still lacking. 

The 2-Back task is a form of what is called an n-Back task (Owen et al., 2005). Usually 

participants have to monitor a series of stimuli and indicate whether the currently presented 

stimulus is the same as the defined number (‘n’) of trials before. Task difficulty can be 

manipulated by changing the value of ‘n’. Required brain resources differ across difficulty 

levels, but sustained attention, change detection, and memory of the rules are required in all 

task loads (Miller et al., 2009). Performing a 1-Back or 2-Back task is accompanied by 

deactivation of different brain regions of the DMN, but this deactivation has not been detected 

while performing a 0-Back (Cousijn et al., 2012; Esposito et al., 2006). Brain imaging studies 

show a linear brain response to increasing task load, meaning when task load increases the 

DMN, including the hippocampus, more strongly deactivates (Smith et al., 2018).  

A later study by Varma et al. (2018) compared memory consolidation across post-

encoding periods, in which autobiographical thinking was manipulated. One post-encoding 

period involved wakeful rest accompanied with familiar sound cues, which promoted 

autobiographical thinking. The other post-encoding involved executing a 2-Back task, which 

suppressed autobiographical thinking. However, they did not observe a direct relationship 
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between autobiographical thinking and memory consolidation (Varma et al., 2018). Possibly 

due to methodological issues. Autobiographical thinking during the post-encoding periods 

was measured using a questionnaire at the end of the experiment. The questionnaire was 

unable to ascertain the content and degree of mindwandering. Moreover, the delay of 

administering the questionnaire possibly reduced accuracy and reliability in reporting thought 

proportions. Being unable to thoroughly measure participants’ thoughts during the post-

encoding period, the cognitive processes activated during the n-Back task still remain unclear. 

Current study 

As an extension of previous studies done by Varma et al. (2018) we further investigate 

the relationship between autobiographical thinking and memory consolidation. The procedure 

consisted of two sessions of three blocks; an encoding task, a post-encoding period filled with 

0-Back or 2-Back in a counterbalanced order, and a recognition task. To capture resources 

that were engaged in memory consolidation processes, permissibility of autobiographical 

thinking was affected by a manipulation of task difficulty of the n-Back task during the post-

encoding periods; 0-Back permits high autobiographical thinking, where 2-Back permits low 

autobiographical thinking. Previous research has shown a robust significant difference in 

cognitive load across these conditions, reaction times were faster and accuracy was higher in 

the 0-Back condition compared to the 2-Back condition (Cousijn et al., 2012; Qin et al., 

2009).  

During the post-encoding periods, autobiographical thinking was measured with the 

use of experience-sampling thought probes (i.e. frequently asking participants to classify their 

current thoughts), which has been shown to be a reliable method to investigate the frequency 

and content of thoughts (Csikszentmihalyi & Larson, 1987; Weinstein, 2018). We will 

operate under the definition of autobiographical thinking as off-task thoughts. Thoughts about 

the n-Back task, n-Back performance, rehearsal of encoding stimuli, or the absence of thought 

(mind blanking) will not be considered as autobiographical thoughts in this study, which is 

consistent with previous research (Unsworth & Robison, 2018). 

By increasing task-load of the n-Back we expect a decrease in the proportions of 

autobiographical thoughts. Thus, we firstly expect participants to engage in more 

autobiographical thinking during the 0-Back task compared to the 2-Back task. Previous 

research which used experience-sampling probes during an n-Back task, has shown consistent 

results, namely more off-task thoughts in low-load conditions compared to high-load 

conditions, e.g. 0-Back vs. 2-Back (Ju & Lien, 2018), 1-Back vs. 3-Back (Robison et al., 

2020; Rummel & Boywitt, 2014), 0-Back vs. 1-Back vs. 2-Back (Iijima & Tanno, 2012). 
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Secondly, we predict autobiographical thinking to interfere with memory consolidation based 

on the assumption that during post-encoding, autobiographical thinking causes reallocation of 

brain resources away from memory consolidation processes (Craig et al., 2014; Varma et al., 

2018). We therefore expect memory performance to be negatively correlated with 

autobiographical thinking.  

Previous research that compared post-encoding periods, involving wakeful rest or 

engaging in a 0-Back task, did not found a difference in memory consolidation of declarative 

memory (Hørlyck et al., 2019). Additionally, several experiments reported no difference in 

memory consolidation between wakeful rest and 2-Back (Varma et al., 2017). Following this, 

we thirdly expect no difference in memory performance between the 0-Back task and 2-Back 

task. This hypothesis seems contradictory to our previous hypotheses and requires more 

explanation. The hypothesis is based on the idea that engaging in a 0-Back, due to its low 

difficulty, would result in a similar effect as engaging in wakeful rest during post-encoding. 

By increasing task-load we do not only expect a decrease in autobiographical thinking but 

also a decrease in offline replay. It is suspected that a decrease in autobiographical thinking 

would facilitate consolidation. Conversely, a decrease in offline replay should interfere with 

consolidation. These two effects should counter-act. Despite this we did not measure offline 

replay; we assume that during a post-encoding task that only requires low mental effort (e.g. 

wakeful rest), the chances of offline replay increase (Varma et al., 2018). It is hypothesized 

that the balance between autobiographical thinking and offline replay stay the same across 

post-encoding periods, resulting in no difference in memory consolidation between post-

encoding periods occupied with a 0-Back or 2-Back.  

Results from this research will deepen scientific understanding of the relationship 

between, cognitive resources, offline replay and autobiographical thinking involved in 

memory consolidation. Results from the current behavioral study might pave way for future 

neurological research. Furthermore, it may serve as a basis for developing optimal learning 

strategies, by knowing what interferes with memory consolidation and how forgetting can be 

decreased. 

Methods 

Design 

This study was conducted online, consisted in two sessions, with 24-72 hours between 

the sessions. Each session consisted of an encoding task, a ~15-minute post-encoding period 

(n-Back: 9 min, thought probes: max 6 min), and a recognition task, see Figure 1. A within- 



EFFECT OF POST-ENCODING TASK DIFFICULTY ON CONSOLIDATION 7 

subjects design was applied, with a difficulty manipulation of the post-encoding period (low- 

load: 0-Back vs. high-load: 2-Back). The order of post-encoding conditions was  

counterbalanced across subjects. During the 0-Back task and 2-Back task experience-

sampling probes were shown to measure autobiographical thinking. Dependent variables were 

the two memory performance scores associated with each condition, and the proportion of 

autobiographical thoughts. PsychoPy software was used to design the experiment and it was 

hosted on an online repository called Pavlovia.org (Peirce et al., 2019). 

 

 

Participants 

For this online experiment, 34 participants (23 female; Mage = 25.41, SD = 2.13) were 

recruited. Based on prior work, 36 participants were required for reliable statistical power, on 

a two condition experiment (Experiment 3; Varma et al., 2017). All participants had a high 

education level (i.e. college or university education) and were aged between 22 and 31 years. 

Participants with face recognition impairments, color-blindness or visual constraints, factors 

that would have made it impossible to perform the experiment, were excluded. After outlier 

removal, based on poor performance on the n-Back tasks (combined d-prime < 2-SD below 

group average), non-conformance, or technical errors, 22 participants (14 female; Mage = 

25.59, SD = 2.15) were considered for analysis. This experiment was approved by the Ethics 

Figure 1. General experimental design per session, involved encoding of 72 faces. Followed by a post-

encoding period of 15 min, occupied either by 0-Back or 2-Back, both included experience-sampling 

thought probes. After the post-encoding period the recognition task started, in which 108 faces (72 new, 

36 old) were shown. Participants indicated if the face was old or new, and subsequently how confident 

they were about their response. 
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Committee of the Faculty of Social Sciences of Leiden University. Participants filled an 

online consent form in accordance with the Declaration of Helsinki, after reading an 

instruction form and watching an instruction video. Participation was voluntarily, with a 

choice of either no compensation or monetary compensation (€7). 

Materials 

Encoding and Recognition lists 

The to-be-learned images consisted of female and male faces with a neutral expression 

(downloaded from Chicago Face Database; Ma et al., 2015). Stimulus material was difficult 

to rehearse and challenging to retain, which was necessary to prevent ceiling effects. Per 

participant, 216 unique faces were randomly pooled, while keeping equal number of male and 

female faces. Each encoding list comprised of 72 faces, and each recognition list comprised of 

the same 72 faces and 36 new faces (total 108 faces). Outside the pooled faces, 12 faces were 

used for practice and instruction video.  

Thought probes 

During the post-encoding periods, filled with a 0-Back or 2-Back task, 

autobiographical thoughts were measured via experience-sampling thought probes. 

Participants were periodically presented with thought probes, asking them to classify the 

current contents of their thoughts by choosing from a list of options. Response options for the 

thought probes were based on prior research of mindwandering (Unsworth & Robison, 2018). 

Participants were asked (18 times), “Just before this interrupt were you…?”. Possible 

responses were (1) Blank/no particular thoughts, (2) Distracted by pain, sounds etc., (3) 

Focused on the task (4) Thinking how well you’re doing at the task, (5) Thinking about the 

learnt faces, (6) Knowingly thinking about personal stuff, (7) Unknowingly thinking about 

personal stuff. Participants responded by pressing corresponding number on the keyboard. 

Responses 2, 6, and 7 were combined as off-task thoughts.  

Procedure 

The experiment was conducted online and consisted of two 30-minute sessions to keep 

participants motivated and focused during the experiment. Participants received instructions 

via an e-mail, with an information document and instruction video. After signing informed 

consent, links for opening the experiment were send to the participants on scheduled dates. 

Participants were able to schedule their experimental sessions with 24-72 hours between the 

sessions, and were allowed to start the experiment on any time point of that day. The 

experiment was executed on pavlova.org, at home on a personal computer or laptop. Clear 
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instructions to perform the experiment in a quiet room without any distractions were given, to 

keep consistency over the experiment.  

Each session started with a practice round, which consisted of a short version of all the 

elements of the experiment; encoding task, n-Back task (with thought probes), and 

recognition task. After practice participants began with an encoding task. One by one, 72 

unique faces were shown for 3 seconds. Participants were instructed to memorize the faces 

and judge them on friendliness by using the keys 1 to 4 (1 = ‘definitely unfriendly’, 4 = 

‘definitely friendly’), with a maximum allowed response duration of 3 seconds. 

 The encoding task was directly followed by one of the two counterbalanced post-

encoding conditions. The post-encoding periods were filled with a 0-Back or 2-Back task, 

representing low- and high-load tasks. A modified n-Back version similar to previous studies 

was used (Varma et al., 2017). During both n-Back tasks, greyscale numbers (1 to 5) appeared 

in a fixed pace (2 s) in the middle of a dark screen. The target in 0-Back condition was a 

number that matches the pre-specified number 3. In the 2-Back condition, the target was a 

number that was identical to the one shown two trails back (Figure 2). When a target was 

shown, the participants had to press “right”, otherwise they had to press “left”. Short feedback 

via coloring was shown to keep participants’ attention and induce optimal performance. When 

participants gave a correct response in the given time the number turned green for 300 ms. If 

the participants were too late with responding or if they gave an incorrect response the 

number turned red for 300 ms. During the n-Back tasks, 18 thought probes appeared with a 

quasi-random timing with an average interval of 30 s (range from 18 s to 42 s). The 

participants had to indicate their current thought by pressing a corresponding number on the 

keyboard with a maximum response duration of 20 seconds. 

 

Figure 2. Sample sequence of the 2-Back task. Sequence was 18 times interrupted by a thought probe, 

in which participant had to classify content of current thoughts. When a target was shown, participants 

had to press the “right arrow” key, otherwise they had to press the “left arrow” key. Colored numbers 

indicate given feedback, correct response (green) or incorrect response (red). 
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After the ~15 minute post-encoding period, the recognition task started. Participants had 5 

seconds to indicate if they recognized the presented face or not, by pressing the key “left” if 

they saw an ‘old’ face and “right” if they saw a ‘new’ face. In the next screen, participants 

had 3 seconds to indicate the confidence about their response (left = ‘sure’, right = ‘unsure’). 

The face remained on the screen during old/new and sure/unsure identification. During each 

recognition task 108 faces (72 old, 36 new) were shown. After finishing both sessions, the 

participants were debriefed and compensated according to their choice (no compensation or 

monetary compensation of €7). 

Analyses 

Prior to calculation of memory performance of each condition, data was cleaned by 

removing recognition trails of any stimuli that was not encoded correctly or not responded to 

during the encoding task. Furthermore, only confident responses were used for calculating d-

prime, which minimalized the influence of guessing on memory performance.  

N-Back task performance is represented by reaction time and calculated d-prime 

scores of n-Back performance. Memory performance on the recognition tasks is also 

represented by calculated d-prime scores, the standardized difference between hit and false 

alarm rates (Stanislaw & Todorov, 1999). Hit rates of each recognition task were calculated 

separately by dividing the number of “old” trials that were correctly identified, by the total 

number of “old” faces to which the participant responded. False alarm rates were similarly 

calculated by dividing the number of “new” trials that were incorrectly identified as “old”, by 

the total number of “new” faces to which the participant responded. From the experience-

sampling data, the proportion of autobiographical thoughts were calculated for each condition 

separately, the sum of autobiographical thoughts (responses 2, 6, 7) were divided by the total 

amount of thought probes to which the participant responded 

In order to confirm task difficulty difference between 0-Back and 2-Back, we ran a 

paired samples t-tests with reaction time and d-prime scores of n-Back task performance. To 

test the effect of task difficulty during the post-encoding periods on memory performance, we 

ran a 2 x 2 mixed repeated measures analysis of variance (RM-ANOVA), with post-encoding 

condition (0-Back, 2-Back) as within-participants factor, and post-encoding condition order 

(0-Back – 2-Back, 2-Back – 0-Back) as between-participants factor. Furthermore, we ran a 

paired-samples t-test to compare post-encoding conditions. We also ran a paired-samples t-

test with data from the thought probes, to compare proportion off-task thoughts across the 

post-encoding conditions. To determine if memory performance was affected by 

autobiographical thinking, we carried out correlation tests (1-tailed) between memory 
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performance and autobiographical thoughts for each of the post-encoding conditions. 

Spearman’s rho (rs) was used when assumptions of normality were violated (Shapiro-Wilk, p 

< .05), otherwise Pearson product-moment correlation coefficient was computed. IBM SPSS 

25 was used for analyzing all results, with an alpha level of 0.05.  

Results 

N-Back performance 

Performance on the n-Back tasks were analyzed by calculating d-prime scores per 

post-encoding condition. To compare post-encoding conditions, we performed paired samples 

t-tests. Performance was higher on the 0-Back task (M = 2.32, SD = 0.12) compared to 

performance on the 2-Back task (M = 1.57, SD = 0.45), t(21) = 7.27, p < .001. Reaction times 

were faster during the 0-Back task (M = 0.46 s, SD = 0.04), than during the 2-Back task (M = 

0.65 s, SD = 0.09), t(21) = -10.76, p < .001. Lower d-prime score and longer reaction time 

during the 2-Back task shows that manipulation of difficulty was successful during the post-

encoding periods. 

Thought probes  

For the hypothesis that autobiographical thinking (responses 2, 6, 7) is higher during 

the 0-Back task compared to the 2-Back task, a paired samples t-test was carried out. As 

expected, the experience-sampling thought probes show a difference in autobiographical 

thoughts between the task difficulty conditions, t(21) = 4.78, p < .001. Proportions of 

autobiographical thoughts was higher during the 0-Back task (M = 0.25, SD = 0.18) compared 

to the 2-Back task (M = 0.07, SD = 0.10), see Figure 3 and Table 1. 

Correlation analyses were performed to investigate the relationship between 

autobiographical thoughts and memory performance. We expected a negative relationship 

between proportion of autobiographical thoughts during the post-encoding period and 

memory performance. However, there was no significant correlation between 

autobiographical thoughts and memory performance in the 0-Back task, rs(22) = -.07, p = .373 

(1-tailed) and in the 2-Back condition rs(22) = -.13, p = .279 (1-tailed). Considering all 

responses (sure and unsure) for analysis, showed similar results; no significant correlation 

between autobiographical thoughts and memory performance in the 0-Back task, rs(22) = 

-.23, p = .149 (1-tailed) and in the 2-Back condition rs(22) = -.02, p = .472 (1-tailed). 
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Figure 3. Results from experience-sampling thought probes, showing average proportions of thought 

probe categories during post-encoding periods; 0-Back (left) and 2-Back (right). As shown 

proportional autobiographical thinking during the 0-Back (25%) is higher compared with the 2-Back 

(8%). Here ‘ABT’ stands for autobiographical thinking.   

 

Table 1 

Thought Proportions During 0-Back and 2-Back Task 

Thought probe category 0-Back condition  2-Back condition 

On-task 49% 67% 

Blank 18% 9% 

Task performance 7% 16% 

Distracted 6% 5% 

Personal (intentional)  11% 2% 

Personal (unintentional) 8% 1% 

Rehearsal 2% 1% 

 

Memory performance  

The results from the RM-ANOVA showed, as predicted, no significant main effect of 

post-encoding condition on memory performance, F(1, 20) = 2.06, p = .167, η2p = .093. This 

means that participant’s memory performance did not differ when the post-encoding period 

consisted of a low-load task; 0-Back (M = 2.09, SD = 0.82) or a high-load task; 2-Back (M = 

2.30, SD = 0.80). There was no main effect of post-encoding condition order on overall 
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memory performance, F(1, 20) = 3.82, p = .065, η2p = .160. Although significance was not 

reached, memory performance in both conditions was higher when the experiment ended with 

the 2-Back task (0-Back: M = 2.39, SD = 0.70, 2-Back: M = 2.53, SD = 0.82) compared to the 

experiment ending with the 0-Back task (0-Back: M = 1.74, SD = 0.85, 2-Back: M = 2.02, SD 

= 0.71). The interaction between post-encoding condition and post-encoding order was also 

not significant, F(1, 20) = 0.21, p = .654, η2p = .010. While we counterbalanced post-encoding 

condition order equally across participants, due to outlier removal the groups were not equally 

distributed (2-Back – 0-Back n = 10, 0-Back – 2-Back n = 12). However, since we did not 

find an effect of order on memory performance or an interaction effect between order and task 

difficulty conditions, we can assume the unequal groups did not affect our results.  

After ruling out the effect of order we performed a paired samples t-test, which 

showed no difference in d-prime scores across post-encoding conditions, t(21) = -1.43, p 

= .169, see Figure 2. We also looked at differences in the post-encoding condition memory 

scores by calculating memory performance while considering both ‘sure’ and ‘unsure’ trails 

together. In that analysis we found a difference in memory performance between post-

encoding conditions, t(21) = -2.16, p = .040. Memory performance was higher when encoding 

was followed by a 2-Back task (M = 1.67, SD = 0.43) compared to the 0-Back task (M = 1.46, 

SD = 0.56).  

 

Figure 4. The effects of post-encoding tasks on mean d-prime scores (included only confident trials). 

No significant difference between 0-Back and 2-Back was found. Error bars represent standard errors. 

 



EFFECT OF POST-ENCODING TASK DIFFICULTY ON CONSOLIDATION 14 

Discussion 

The aim of the current study was to examine the specific prerequisites for interfering 

with episodic memory consolidation. Previous research has challenged the notion of mental 

effort as the all-encompassing cause of memory inference and suspected autobiographical 

thinking to interfere with memory consolidation (Varma et al., 2017). The current study 

manipulated post-encoding task difficulty, and measured frequency and content of thoughts 

during the n-Back tasks (0-Back, 2-Back). The results of our analyses showed that, (a) 

autobiographical thinking was higher during the 0-Back task compared to the 2-Back task, (b) 

there was no relationship between autobiographical thinking during the post-encoding periods 

and memory performance, and (c) there was no difference in memory performance between 

post-encoding periods (0-Back vs. 2-Back). In subsequent sections, we address the findings in 

more detail and explain their implications.  

In agreement with prior work that has shown more off-task thoughts during low-load 

tasks compared with high-load tasks (Seli et al., 2018), we observed more autobiographical 

thoughts during the 0-Back compared with the 2-Back task. Results can be explained by 

reallocation of limited brain resources, necessary for performing an n-Back task and 

autobiographical thinking. Performing a 0-Back task recruits relatively few executives 

resources, which leaves enough resources available for autobiographical thinking (Smallwood 

& Schooler, 2006). Conversely, the high task difficulty of the 2-Back leaves fewer resources 

available for autobiographical thinking. This finding provides evidence for the suitability of 

the current research design, considering that manipulating post-encoding task difficulty of the 

n-Back task indeed leads to different levels of autobiographical thinking. 

 Another finding concerns the relationship between autobiographical thinking and 

memory consolidation. Contrary to our expectations, we did not observe a direct correlation 

between autobiographical thinking and memory consolidation associated with each condition. 

This result implies that autobiographical thinking does not interfere with memory 

consolidation. However, this seems very unlikely in comparison with previous studies (Craig 

et al., 2014; Varma et al., 2018). Autobiographical thinking during post-encoding was 

expected to interfere with memory consolidation, due to the increased engagement of the 

hippocampus (Mednick et al., 2011). Despite our results, we still speculate that reallocation of 

brain resources towards autobiographical thinking away from memory consolidation 

processes can cause interference. Although it is possible that in the current study 

autobiographical thinking was too superficial to cause such reallocation. Engagement in an n-

Back task may not allow for rich autobiographical thoughts to occur. Previous research has 
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shown that vividness and the amount of detail of autobiographical thinking affects 

hippocampal involvement (Svoboda et al, 2006). The suspected superficial autobiographical 

thoughts may not involve enough engagement of the hippocampus to cause interference with 

memory consolidation. Furthermore, failure to detect a significant relationship between 

autobiographical thinking and memory consolidation can be explained by design limitations. 

It is possible that the low frequency of experience-sampling thought probes was insufficient 

to measure autobiographical thinking properly (see limitations section).  

 As previously explained, we expected equal memory consolidation across post-

encoding conditions (0-Back, 2-Back). That may seem contradictory to the previous two 

hypotheses but is explained by a suspected retained balance between offline replay and 

autobiographical thinking across post-encoding conditions. In agreement with prior work that 

has shown no difference in memory consolidation between post-encoding periods involving 

wakeful rest or a 2-Back task (Varma et al., 2017), we observed no difference in memory 

performance between post-encoding periods involving a 0-Back or a 2-Back task. This 

finding supports our assumption that 0-Back acts similar as wakeful rest during post-

encoding, possible due to its low difficulty (Hørlyck et al., 2019). No difference in memory 

consolidation between conditions can be explained by a retained balance between offline 

replay and autobiographical thinking, because offline replay is assumed to facilitate 

consolidation and autobiographical thinking to interfere with consolidation (Varma et al., 

2018). We speculate that increasing task difficulty of the n-Back equally decreases offline 

replay and autobiographical thinking. However, this is stated with caution because in the 

current experimental design only autobiographical thinking was measured.  

The findings discussed above were based only on confident d-prime scores. Analyses 

including non-confident trials led to a different result: higher memory performance in the 

post-encoding 2-Back condition compared to 0-Back condition. Analyses considering only 

confident trials are based on recollection, whereas considering all trials (sure and unsure) are 

based on both recollection and familiarity (Yonelinas et al., 2010). Recollection and 

familiarity are distinct processes and dependent on different subregions of the medial 

temporal lobe. Manipulating task difficulty of n-Back tasks affects required brain resources 

(Smith et al., 2018), and can affect participants’ strategies to perform the n-Back task (Lovett 

et al., 2000). Observing different results can be explained in terms of participants using 

familiarity strategies as supposed to only recollection during the recognition task to identify 

an item as old or new. It is possible that the 2-Back task allows for greater chances of 

familiarity-based recognition. Since recollection and familiarity are two distinct processes it is 
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possible that it is differently affected by post-encoding task difficulty. The additional analyses 

considering all trials is important to report, because during a recognition task both recollection 

and familiarity play a role. However, conclusions are drawn upon the confident trials, because 

the current study is focused on episodic memory based on recollection that reflects the 

retrieval of qualitative information and not familiarity (Yonelinas et al., 2010). 

Limitations and Future Directions 

A few weaknesses and limitations of the current study are worth mentioning. First and 

foremost, due to the relatively small number of participants, results need to be interpreted 

with a general caution. Finding no relationship between autobiographical thinking and 

consolidation, and no effect of post-encoding periods (0-Back vs. 2-Back) on consolidation, 

could have been the result of inadequate power to detect an effect. Planned sample size of 36 

participants, based on prior work of Varma et al. (Experiment 3; 2017), was not met due to 

circumstances of the 2020 Coronavirus. It is possible that sufficient powered future studies  

detect a signification relationship between autobiographical thinking and memory 

consolidation. In order to assure sufficient power, future studies should consult papers of 

Humiston et al. (2019) to find true effect of post-encoding wakeful rest and experiments of 

Varma et al. (2017) to find true effect of post-encoding n-Back tasks. 

 Furthermore, it is possible that the amount of thought probes was insufficient, which 

may have limited our ability to measure autobiographical thinking during the n-Back tasks. In 

the current design, we included 18 thought probes during each post-encoding period. The 

amount of thought probes could have been higher by increasing the post-encoding duration. 

Previous research included 30 probes during a 2-Back task, which took approximately 30 

minutes (Choi et al., 2017). However, in the current online study 30 minutes of the n-Back 

tasks was not deemed possible, as we suspected it would have been too tiring for the 

participants and they would lose motivation. In a lab setting, it may be more reasonable to 

expect participants to perform an n-Back task for such duration. Besides, to keep the duration 

of the post-encoding periods similar to previous interference studies, approximately 15 

minutes of post-encoding was most appropriate (Dewar et al., 2012; Varma et al., 2017). The 

current study was unable to validate the used probing method (i.e. n-Back performance was 

not positively correlated with on-task thoughts and not negatively correlated with off-task 

thoughts), which should be prevented in future research. Since experience-sampling thought 

probes method is not commonly used during an n-Back task, the minimal amount of thought 

probes for reliable results is unclear. Based on previous research, we suggest to extent the 

post-encoding duration to include approximately 30 thought probes (Choi et al., 2017). 



EFFECT OF POST-ENCODING TASK DIFFICULTY ON CONSOLIDATION 17 

The online nature of the current study is also worth mentioning. Due to circumstances, it was 

not possible to conduct the current experiment in a laboratory setting. The online setting 

increased the chance of distraction and possibly decreased overall motivation. It is possible 

that the personal environment in which the experiment was conducted affected the current 

results. Previous research has shown that offline replay is more prevalent in a novel 

environment compared to a familiar one (Carr et al., 2011). Furthermore, Kane et al. (2017) 

showed a difference in off-task thoughts in daily life settings compared to lab settings. The 

degree in which offline replay and off-task thoughts were affected by the online setting is 

unknown. However, since we found similar effects as previous lab studies (Varma et al., 

2018), it is reasonable to assume that the online setting did not have detrimental effects on the 

reliability of our results.  

Even though we have discussed that task difficulty possibly affects the permissibility 

of offline replay similar as autobiographical thinking, our study design did not measure 

offline replay. Since our results showed no difference in memory consolidation between 0-

Back and 2-Back, it is interesting to further investigate the effect of the balance between 

autobiographical thinking and offline replay on memory consolidation. Autobiographical 

thinking and offline replay can both be measured with the use of brain imaging techniques, 

such as functional magnetic resonance imaging (Chou et al., 2017; Levy & Wagner, 2013). 

Moreover, such brain imaging studies can form a neurological foundation to understand the 

effects of engaging in an n-Back task during a post-encoding period on memory 

consolidation. Due to our solely behavioral study design, we can only speculate and make 

assumptions about brain activations. Future neuroimaging research is necessary to 

substantiate our assumptions regarding resource allocation.  

Conclusion 

The aim of the current study was to deepen scientific understanding of the relationship 

between cognitive resources and autobiographical thinking involved in memory 

consolidation. We investigated the relationship between autobiographical thinking and 

memory consolidation by manipulating post-encoding task difficulty and measuring 

autobiographical thinking during post-encoding. Unfortunately, the present findings do not 

show a direct relationship between autobiographical thinking during post-encoding and 

memory consolidation. We argue that the failure to detect a relationship can be explained by 

the current study limitations, such as small sample size and insufficient amount of thought 

probes to measure autobiographical thinking. Nevertheless, this study can be used as a guide 

for future (neuroimaging) studies investigating memory consolidation. Previous research 
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compared a 2-Back with wakeful rest (Varma et al., 2017). However, these conditions are 

different in many ways. Based on current findings and previous studies, 0-Back and 2-Back 

can be used in future research as a reliable method to manipulate the frequency and content of 

autobiographical thoughts. Comparing a 0-Back and 2-Back, which only differ in task 

difficulty, will decrease uncertainty about the interpretation of results. Building on the current 

findings, future research should further investigate the relationship between autobiographical 

thinking and memory consolidation. The use of neuroimaging studies can give clear insights 

of the balance between autobiographical thinking and offline replay, and how this balance 

affects memory consolidation. More knowledge about mental activities during post-encoding 

will deepen the understanding of the mechanisms behind memory consolidation. 
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