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Counterfactual imagination impairs memory for true actions: EEG and 
behavioural evidence
Phot Dhammapeera a,b*, Chloe Brunskill a*, Robin Hellerstedt a,c and Zara M. Bergström a

aSchool of Psychology, University of Kent, Canterbury, UK; bFaculty of Psychology, Chulalongkorn University, Bangkok, Thailand; cCentre for 
Biomedical Technology, Universidad Politécnica de Madrid, Madrid, Spain

ABSTRACT
Imagined events can be misremembered as experienced, leading to memory distortions. However, 
less is known regarding how imagining counterfactual versions of past events can impair existing 
memories. We addressed this issue, and used EEG to investigate the neurocognitive processes 
involved when retrieving memories of true events that are associated with a competing imagined 
event. Participants first performed simple actions with everyday objects (e.g., rolling dice). A week 
later, they were shown pictures of some of the objects and either imagined the same action they 
had originally performed, or imagined a counterfactual action (e.g., stacking the dice). Subsequent 
tests showed that memory for performed actions was reduced after counterfactual imagination 
when compared to both veridical imagination and a baseline condition that had not been 
imagined at all, providing novel evidence that counterfactual imagination impairs true memories 
beyond simple forgetting over time. ERPs and EEG oscillations showed evidence of separate 
processes associated with memory retrieval versus post-retrieval processes that were recruited 
to support recall of memories that were challenging to access. The findings show that counter-
factual imagination can cause impairments to sensorimotor-rich event memories, and provide new 
evidence regarding the neurocognitive mechanisms that are recruited when people need to 
distinguish memories of imagined versus true events.
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Introduction

When remembering a previous event, we sometimes 
reflect on how it could have turned out differently. For 
example, after a job interview, we might in hindsight 
think about better answers to certain questions by men-
tally constructing a counterfactual imagined version of 
the event. Such episodic counterfactual thinking can 
help people make better future decisions (Roese & 
Epstude, 2017) and reduce negative emotions asso-
ciated with unpleasant memories (De Brigard et al., 
2019). However, counterfactual thinking can also induce 
memory distortions, causing people to mistake the ima-
gined version of events for a real autobiographical mem-
ory (Gerlach et al., 2014; see also Dhammapeera et al., 
2020). Here, we investigated whether counterfactual 
imagination after an event influences people’s original 
memories of what truly happened. We also used EEG to 
better understand the neurocognitive mechanisms that 
enable people to distinguish an imagined version of an 
event from the corresponding true memory.

Imagined and perceived events can be difficult to 
differentiate between in our long-term memory, leading 
people to mistake imagined events for real autobiogra-
phical memories (Schacter & Addis, 2020). After imagin-
ing themselves performing simple actions, participants 
commonly erroneously think that they performed 
actions they had only previously imagined (Goff & 
Roediger, 1998; Thomas et al., 2003). Because interacting 
with the world typically results in very strong, accurate 
memories (Roberts et al., 2022), this research demon-
strates the potency of imagination as a source of mem-
ory distortion. Vivid imagination is suggested to create 
memory traces that are rich enough in perceptual detail 
to resemble true memories, which causes source mon-
itoring (or ‘reality monitoring’) errors during subsequent 
retrieval (Johnson et al., 1993). This literature however 
does not tell us whether counterfactually re-imagining 
what happened in a past event could supplant an exist-
ing true memory, nor the brain mechanisms that are 
engaged when such memory errors occur.
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fMRI research has shown that episodic counterfactual 
thinking activates highly overlapping brain networks to 
veridical episodic memory retrieval (De Brigard & Parikh, 
2019), suggesting that similar neurocognitive mechan-
isms are engaged when reconstructing an accurate 
memory and when drawing on memory in order to 
construct an imagined event. Previous research has 
however not investigated the neural mechanisms that 
are engaged when counterfactual imagination disrupts 
a person’s ability to subsequently recall the true mem-
ory, a situation which not only involves episodic recon-
struction but also requires people to evaluate the 
truthfulness of memories and to select the correct over 
the imagined memory. It is likely that such situations 
involve prefrontally mediated processes that contribute 
to reality monitoring (Simons et al., 2017) and resolving 
retrieval competition (Anderson & Hulbert, 2021). The 
temporal resolution of fMRI however means it is not 
suitable for separating different stages of retrieval, such 
as the initial activation of a memory versus the subse-
quent post-retrieval operations that are used to evaluate 
the source and accuracy of that memory. Therefore, in 
the current study, we used EEG to investigate the neu-
rocognitive processes that enable people to distinguish 
between counterfactually imagined versus true mem-
ories during retrieval.

EEG evidence has revealed different memory pro-
cesses that occur at early and late stages of retrieval 
with near real-time temporal resolution. Upon encoun-
tering a cue that overlaps with a stored memory, rapid 
and relatively automatic neurocognitive processes such 
as priming and familiarity are reflected in EEG within the 
first few hundred milliseconds (Rugg & Curran, 2007). 
Such item-specific processes are then followed by recol-
lection of the associated episodic context from around 
500 ms post-cue, via reconstructive processes involving 
pattern completion in the hippocampus (Staresina & 
Wimber, 2019). Recollection is typically reflected by 
a parietal ERP positivity around 500–800 ms (Rugg & 
Curran, 2007) and an increase in theta (4–8 Hz) oscilla-
tion power around the same time (Herweg et al., 2020). 
After the initial theta increase, EEG oscillations typically 
also show a decrease in alpha/beta power (~800–1500  
ms), which is thought to reflect activation of cortical 
memory content during retrieval (Griffiths et al., 2019; 
Martín-Buro et al., 2020).

Additional post-retrieval processes occur after initial 
activation of stored memory content, and are correlated 
with relatively late (after 1 s post-cue onwards) EEG 
effects. In ERPs, late frontal positive slow drifts and pos-
terior negativities are typically enhanced when memory 
retrieval requires increased and/or extended monitoring 
and control during retrieval competition (Bergström 

et al., 2013; Hayama et al., 2008; Hellerstedt et al., 2016; 
Johansson et al., 2007; Mecklinger et al., 2016). In the 
oscillatory domain, an increase in alpha/beta power is 
associated with cognitive control across a variety of 
situations such as high working memory load, suppres-
sion of distracting input, and inhibition of competing 
memories during selective memory recall (Jensen & 
Mazaheri, 2010; Waldhauser et al., 2012). Here, we inves-
tigated if late ERP and EEG effects related to retrieval 
monitoring and control are observed when people need 
to distinguish between true and imagined memories.

In the current study, participants first performed real 
actions with everyday objects, such as rolling dice and 
putting on sunglasses (based on Brandt et al., 2014), 
thereby encoding strong and sensorimotor rich mem-
ories. One week later, they returned to the lab and were 
shown a series of photographs of the objects together 
with a brief text description of an action, and were asked 
to imagine performing each listed action with the object. 
For some objects, participants were asked to counter-
factually imagine a novel action (for example, stacking 
the dice) whilst for other objects they imagined the 
originally performed action (thereby rehearsing it). We 
then tested memory for the original action from day one 
with both cued recall and associative recognition tests. 
The cued recall test presented only the object pictures as 
cues, and we therefore expected counterfactual imagi-
nation to cause retrieval competition and a need for 
selecting between original and imagined action mem-
ories on this test. The recognition test included the 
object pictures paired with either the original action 
text or a completely new action text (different from the 
counterfactually imagined action), and was therefore 
designed to be less susceptible to retrieval competition 
than the cued recall test. Hence, the recognition test 
should be more indicative of whether the original mem-
ories were available or forgotten (Anderson, 2003; Hicks 
& Starns, 2004). EEG was recorded during the cued recall 
test. Memory performance, ERPs and EEG oscillations 
were compared across counterfactually imagined and 
rehearsed conditions against a baseline condition with 
cues that had not been presented in the imagination 
task.

We expected counterfactual imagination to impair 
memory for the true action more than simple forget-
ting over time, which would be evident by lower 
memory accuracy in the imagination condition 
when compared to baseline. If this impairment was 
caused by reduced availability of the original mem-
ory, parallel reductions should be observed on both 
the cued recall and recognition tests. In contrast, if 
the original memories were intact but difficult to 
recall because of competition from the imagined 
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memories, we expected the impairment to be 
restricted to the cued recall test. We also measured 
participants’ self-reported confidence in their 
responses in order to determine whether counterfac-
tual imagination reduced memory confidence, or 
whether counterfactually imagined actions would be 
misremembered with high confidence similar to 
other imagination-induced false memories (e.g., Goff 
& Roediger, 1998).

In terms of EEG activity during the cued recall test, 
we expected typical markers of initial memory retrie-
val to be enhanced in both the rehearsed and ima-
gined conditions compared to the baseline condition, 
due to enhanced cue familiarity followed by accurate 
recall in the rehearsed condition and accurate and/or 
erroneous recall in the imagined condition. Such 
effects would be indexed by enhanced positive ERP 
effects peaking approximately 300–800 ms (typical 
effects related to item recognition and contextual 
recollection; Rugg & Curran, 2007), an increase in 
theta power around the same time (Herweg et al., 
2020), and a subsequent reduction in alpha/beta 
power (Griffiths et al., 2019; Martín-Buro et al., 2020). 
We also expected post-retrieval control and monitor-
ing processes to be reflected in enhanced late ERP 
slow drifts and alpha/beta power increases (Hayama 
et al., 2008; Jensen & Mazaheri, 2010; Johansson et al., 
2007; Waldhauser et al., 2012). If these late EEG effects 
index processes that resolve retrieval competition 
between competing true and imagined memories, 
they should be particularly enhanced following coun-
terfactual imagination.

Methods

Participants

The final sample consisted of 36 participants (Mage = 20, 
SDage = 1.79, range = 18–25, 25 females), who were 
right-handed, had English as their first language, had 
no psychiatric or neurological diagnosis and were not 
taking any psychoactive medication. This sample size 
was selected to achieve full counterbalancing of stimuli 
across conditions, and provided >.80 power to detect 
a medium effect size (d = 0.5) at α = .05 (when testing 
for differences between pairwise conditions using paired 
t-tests). All participants were students at the University 
of Kent and were compensated either with payment 
(£25) or with course credits. All participants gave 
informed consent and the research was approved by 
the School of Psychology ethics committee at the 
University of Kent.

Materials

Stimuli consisted of 120 real everyday objects or object sets 
(see Figure 1), for example a pair of dice, a rubber duck, and 
a mobile phone. For each object set, three short sentences 
describing possible actions were generated, for example 
‘roll the dice,’ ‘stack the dice’ or ‘place dice with 5s up.’ 
During counterfactual imagination and subsequent mem-
ory tests, photographs of the objects were used as cues 
together with the short sentences. Assignment of objects 
and associated sentences to the different experimental 
conditions was fully counterbalanced across participants.

Design and procedure

Encoding phase
The first day, participants encoded all 120 object-action 
pairs by performing each action with the relevant object. 
The experimenter first took each object out of a box, 
placed it at the center of the table and read aloud an 
action sentence. Participants then performed the action 
with the object. To ensure incidental encoding, partici-
pants were told that the experiment was about mental 
processes involved in performing everyday actions and 
were not told about the upcoming memory tests.

Manipulation phase
One week later, participants returned to the lab and 
completed the remaining tasks with EEG recordings. In 
the imagination task, they were shown photographs of 
80 of the original 120 objects on a computer screen, each 
with an action sentence underneath it. For the 40 objects 
in the rehearsed condition, the same action as performed 
in session one was shown, and for the 40 objects in the 
imagination condition a new, counterfactual action was 
shown. The final 40 objects were assigned to the baseline 
condition and so were not included in this task. 
Participants were informed that some actions might 
match the action they had performed in session one, 
but that it was not relevant to the task so they should 
attempt not to think back to the first session and only 
focus on the action shown on the screen. To encourage 
vivid imagination, participants were told to think about 
as many of their senses as they could (e.g., what would 
the object feel like/smell like/sound like) and to imagine 
how they would move their body for each action.

Each trial started with a fixation cross for 750 ms, 
followed by the object picture-action sentence pairs for 
6000 ms and ended with a self-paced rating scale where 
participants used the keyboard to rate how vivid their 
imagination of the action felt on a scale from one 
(‘absence of imagination’) to six (‘comparable to real- 
life’). The 80 object-action pairs were repeated three 
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times in a randomized order. For the second and third 
repetitions the sentences were shortened to reduce eye 
movement noise in the EEG recording.

Cued recall test
Next, participants were tested on their memory for the 
original action associated with each of the 120 objects 
from day 1 (resulting in three conditions; Imagined, 
Rehearsed, and Baseline). Participants were instructed 
to ignore anything they had read/imagined in the 
manipulation task and to only think of actions they had 
performed in the week previously. After a fixation cross 
for 750 ms, the photo of one object was shown for 6000  
ms, followed by a question mark for 5000 ms which 
prompted participants to verbally describe the action 
they had performed with that object and rate their con-
fidence on a scale of one (‘not sure at all’) to six (‘defi-
nitely remember’). The trial ended with a blank screen 

for 5000 ms. Audio was recorded for this task and verbal 
responses were coded by the experimenters.

Associative recognition test
Finally, participants were given an associative recogni-
tion test for all 120 object picture-action sentence pairs 
again that either included the action from the first ses-
sion (‘old’) or an entirely new action, not previously 
enacted nor imagined during the manipulation phase 
(‘new’). Each trial started with a fixation cross for 750 ms, 
the object-action pairs were then shown for 2500 ms, 
followed by a self-paced keyboard press response on 
a scale from one (‘definitely new’) to six (‘definitely 
old’) to capture both their recognition response and 
confidence.

A questionnaire was administered after all tasks to 
assess participants compliance with task instructions, 
which was generally high and no participants were 
excluded due to lack of compliance (see 
Supplementary file).

EEG recording and analysis

EEG was recorded between 0.1-70 Hz at a 500 Hz sam-
pling rate from 29 scalp electrodes placed in the 
extended 10–20 system using an EasyCap (Brain 
Products GmbH), referenced against an average refer-
ence. Vertical and horizontal EOG was also recorded. Pre- 
processing was completed using the EEGLAB toolbox for 
MATLAB (Delorme & Makeig, 2004). Data were first re- 
referenced to the average of mastoid channels. Epochs 
from −600 ms to 3500 ms were extracted, time-locked to 
the presentation of the cued recall stimuli, and baseline 
corrected using the 200 ms pre-stimulus interval. 
Excessively noisy segments and/or channels were 
removed prior to independent component analysis 
(ICA) decomposition. We manually inspected the ICA 
results and removed components relating to eye move-
ments and other forms of noise. The data was then low- 
pass filtered at 40 Hz, segments of data and/or channels 
with remaining excessive noise were removed, and any 
deleted channels were interpolated.

Pre-processed epochs from the cued recall test1 were 
split into conditions regardless of accuracy, with similar 
trial numbers for Rehearsed (Range = 34–40, M = 38, 
SD = 2), Imagined (Range = 31–40, M = 38, SD = 3) and 
Baseline (Range = 32–40, M = 39, SD = 2) conditions. All 

Figure 1. Overview of methodology with example stimuli.

1We also analyzed EEG recorded during the imagination task, by comparing ERPs and oscillations associated with counterfactual imagination versus 
imagination of a performed action using the same statistical methods and parameters as in the main reported analysis. There were no significant differences 
between conditions, consistent with the notion that counterfactual imagination and veridical memory retrieval engages highly overlapping neural processes 
(e.g., Schacter & Addis, 2020). The associative recognition test had too few trials per condition for clean EEG data since cues were shown with action 
statements resulting in excessive noise from eye-movements, and those conditions also required splitting trials by old/new status of the action statement. 
Hence this paper reports the cued recall results only.
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trials were included to avoid ‘diluting’ effects of counter-
factual imagination on subsequent retrieval processes, 
since such effects may be largest on trials where partici-
pants make a cued recall error (if those require addi-
tional retrieval monitoring/control). Including all trials 
also ensured stable estimates of effects and equated 
signal-to-noise ratios across all conditions. These epochs 
were averaged into ERPs for each condition, and were 
also submitted to time-frequency decomposition to 
extract oscillatory power, using the Fieldtrip toolbox for 
MATLAB (Oostenveld et al., 2011). Induced and evoked 
oscillatory power across 4–30 Hz was estimated using 
a wavelet transform, and represented on a decibel 
scale against an extended baseline between −825 and 
−375 ms pre-stimulus (see supplementary file).

EEG statistical analysis
We used nonparametric cluster-based permutation tests 
(Maris & Oostenveld, 2007) for statistical analysis of both 
ERPs and EEG oscillation power, in order to conduct 
a data-driven search for pairwise differences between 
conditions whilst controlling for multiple comparisons. 
This statistical approach is a commonly used method 
when analyzing EEG data from new tasks, like the one 
in our experiment, for which no specific time-windows, 
frequencies, or electrodes of interest can be selected 
a priori based on previous literature. For each compar-
ison, ERP/power differences between conditions that 
extended across time and space (and frequency for 
oscillatory power) were identified as clusters and tested 
for significance using permutation resampling from the 
data, thereby protecting against inflated false positives 
(see supplementary file).

Results

Behavioural results

Imagination vividness
We first tested whether participants’ subjective imagina-
tion vividness during the manipulation phase predicted 
false memory for the counterfactually imagined action. 
Participants rated the vividness of their imagination sig-
nificantly higher for rehearsed actions that would subse-
quently be recalled correctly (M = 4.82, SD = 0.77) than for 
counterfactually imagined actions, both when they would 
later correctly recall the original actions (M = 4.42, 

SD = 0.92; t(35) = 3.12, p = 0.003, d = 0.46); Cohen’s 
d calculated for all analyses as the difference between 
means divided by the pooled standard deviation (Dunlap 
et al., 1996); and when they would later incorrectly recall 
the counterfactual action (M = 4.60, SD = 0.84; t(35) = 2.08, 
p = 0.044, d = 0.27). Counterfactually imagined actions 
that would later be recalled in error were rated as (trend 
level) more vivid than counterfactually imagined actions 
where participants would later recall the correct original 
action (t(35) = 1.98, p = 0.055, d = 0.20; see supplementary 
Fig. S1).

Cued recall test performance
Next, we tested the critical predictions that counterfac-
tual imagination would impair participants’ later ability 
to recall the correct action. Figure 2 (top row) shows 
cued recall accuracy and mean confidence scores (aver-
aged across accurate and inaccurate responses) for all 
conditions. Unsurprisingly, participants were better able 
to recall the original actions after rehearsing them 
compared to both after counterfactual imagination 
(t(35) = 15.52, p < .001, d = 3.42) and in the baseline con-
dition (t(35) = 17.26, p < .001, d = 2.72). Importantly, cued 
recall accuracy was significantly reduced after counter-
factual imagination compared to baseline (t(35) = −3.80, 
p < .001, d =-0.65). A supplementary analysis showed 
that this impairment was primarily caused by erroneous 
recall of the counterfactually imagined actions instead of 
original actions (see supplementary file), whereas fail-
ures to respond with any action occurred more often in 
baseline than the imagined condition (t(35) = 3.64; 
p < .001; d = 0.45). Parallel with the accuracy results, par-
ticipants also rated their recall confidence higher for the 
rehearsed condition compared to both the imagined 
condition (t(35) = 7.55, p < .001, d = 0.94) and the base-
line condition (t(35) = 8.58, p < .001, d = 1.14). However, 
confidence was not significantly different between the 
imagined and baseline conditions (t(35) = 1.09, p = 0.29, 
d = 0.13).

Associative recognition performance
Associative recognition responses on the scale from one 
(‘definitely new’) to six (‘definitely old’) were recoded to 
separately measure categorical old/new response 
accuracy,2 versus confidence independent of accuracy. 
Figure 2 (bottom row) shows the accuracy and 

2We present analyses of raw accuracy scores because they capture recognition performance separately for old and new actions which is most informative in this 
design. A supplementary analysis (see supplementary file) investigated whether the manipulation conditions differentially influenced participants’ ability to 
discriminate between old versus new actions separately from their response bias (general tendency to respond old vs. new independently from 
discrimination). In summary, this analysis showed that the imagined condition was associated with a stricter response bias (a tendency to respond “new) 
compared to the rehearsed and baseline conditions (which did not differ). The rehearsed condition was associated with higher discrimination performance 
than imagined and baseline conditions. However, discrimination was still significantly reduced for the imagined condition compared to baseline, consistent 
with impaired recognition ability following counterfactual imagination when the influence of response bias was removed.
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confidence scores (averaged across accurate and inaccu-
rate responses) on this test.

Initial ANOVAs revealed a significant 3 × 2 interaction 
between manipulation condition (Rehearsed/Imagined/ 
Baseline) and action type (Old/New) for accuracy 

(F(2,70) = 8.27, p < .001, ηp2 = 0.19) but not for confi-
dence (F(2,70) = 0.50, p = 0.61, ηp2 = 0.01). Participants 
were significantly more accurate at recognizing old 
actions for the rehearsed condition than both imagined 
and baseline conditions (Table 1). Recognition of old 

Figure 2. Memory test results. Proportion accurate responses (left panels) and mean confidence ratings regardless of accuracy (right 
panels) for the cued recall (top panels) and associative recognition tests (bottom panels). Dots show individual scores, the black line 
shows the mean score, and boxes indicate 95% confidence intervals. Significant differences indicated by brackets, ***p < .001, 
**p < .01.

Table 1. Pairwise comparisons of accuracy and confidence on the associative recognition test.
Accuracy Confidence

t p d t p d

Old actions
Rehearsed vs. Imagined 6.40 < .001 1.55 3.49 .001 0.59
Rehearsed vs. Baseline 4.61 < .001 0.98 4.21 < .001 0.65
Imagined vs. Baseline −3.97 < .001 0.74 0.42 .68 0.05
New actions
Rehearsed vs. Imagined 4.20 < .001 0.76 5.10 < .001 0.69
Rehearsed vs. Baseline 5.32 < .001 1.10 4.31 < .001 0.66
Imagined vs. Baseline 1.43 .16 0.28 −0.58 .57 0.08

Note: dfs for all comparisons = 35.
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actions was significantly lower in the imagined than 
baseline condition, converging with the cued recall 
results in showing impaired memory for original actions 
after counterfactual imagination. Accuracy at identifying 
new actions was significantly higher in the rehearsed 
condition than in imagined and baseline conditions, 
but there was no significant difference in accuracy for 
new actions between imagined and baseline conditions. 
For confidence, the same pattern of results was found 
regardless of whether objects were paired with old or 
new actions. For both action types, participants rated 
themselves as significantly more confident in the 
rehearsed condition than in both imagined and baseline 
conditions, with no significant difference in confidence 
between the latter.

Cued recall ERP results

As predicted, the rehearsed and the imagined condi-
tions elicited initial ERP positivities, as shown by very 
similar, highly significant positive clusters for both the 
rehearsed-baseline (between 200 and 910 ms, p <.001) 
and imagined-baseline (between 270 and 940 ms, 
p = .002) comparisons (see Figure 3(b)). The clusters 
had a broad topography but peaked across the central 
and parietal scalp between ~300 and 750 ms, and 
they encompassed both typical early familiarity- 
related and later recollection-related ERP effects (see 
Figure 3(a)).

Following the initial positivities, both rehearsed and 
imagined conditions elicited negative ERPs compared to 
the baseline condition. A very sustained and broadly dis-
tributed significant negative effect was present in the 
rehearsed-baseline comparison (p < .001), with the cluster 
lasting between 1270 and 3000 ms and including most of 
the scalp electrodes except the occipital sites. For the 
imagined-baseline comparison, a briefer negative effect 
was evident from a significant negative cluster between 
1160 and 2190 ms that peaked across the midline central 
and parietal scalp (p < .001). In the last part of the epoch, 
the rehearsed condition elicited more negative slow-drift 
ERPs than the imagined condition, between approxi-
mately 2160–3000 ms (split into two clusters: 2160– 
2430 ms, p = 0.01; and 2440–3000 ms, p = .002) with 
a central and right frontal scalp distribution. Therefore, 
whereas the negative effect for the rehearsed condition 
was very sustained, the imagined condition was similar to 
the baseline condition toward the end of the epoch, with 
both counterfactual imagination and baseline conditions 
eliciting more positive ERPs than the rehearsed condition.

Cued recall EEG oscillation results

Both rehearsed and imagined conditions elicited an 
initial reduction in oscillatory power compared to the 
baseline condition from around 0.5–1.5 s after cue pre-
sentation (see Figure 4). In the rehearsed-baseline com-
parison, a significant negative cluster (p < .01) spanned 

Figure 3. Cued recall ERP results. a. grand average ERP waveforms from left and right frontal (F3 and F4) and left and right parietal (P3 
and P4) electrodes, time-locked to cue presentation in the cued recall test. b. topographical maps of the amplitude differences (top 
rows) and t-values for the differences (bottom rows) for all pairwise comparisons in the cued recall test. Only significant clusters are 
shown in the t-statistical maps.
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Figure 4. Cued recall EEG oscillation results. Results are visualised separately for theta (4-7Hz) and Alpha/Beta bands (8-30Hz) for 
illustration purposes. a. line plots showing mean power over time at a central (Cz) and left parietal (P7) site. b. time-frequency plots of 
power differences (top rows, blue/white/red colourmap) and t-values for the differences (bottom rows, cold/black/hot colour map) for 
pairwise comparisons averaged across frontal and central (F3, Fz, F4, FC1, FC2, C3, Cz, C4, CP1, CP2; top row) and posterior electrodes 
(CP5, CP1, CP2, P7, P3, Pz, P4, P8, O1, O2; bottom row) that showed significant effects. Topographies of significant clusters are shown 
on the left for each pairwise comparison. Only significant clusters are shown in the t-statistic plots.
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from 530 to 1520 ms across all analyzed frequencies 
(4–30 Hz). Whereas this difference in the theta band 
(4–7 Hz) had a more posterior distribution, the alpha/ 
beta band (8–30 Hz) topography peaked across midline 
frontal and central electrodes. A similar significant nega-
tive cluster (p = 0.02) was found for the imagined condi-
tion compared to the baseline condition, shifted slightly 
earlier at 450–1350 ms. This effect was strongest in the 
alpha/beta frequency band (specifically 8–20 Hz) with 
a mid fronto-central topography, but it also included 
frequencies in the theta band.

In the last part of the epoch, the direction of differ-
ences reversed with the rehearsed condition eliciting 
increased alpha/beta power compared to the baseline 
condition, as shown by a significant (p = .01) positive 
cluster from 2150 to 2500 ms including frequencies 
between 9 and 30 Hz. This effect had a bilateral posterior 
distribution across occipital and parietal electrodes. The 
imagined-baseline comparison showed no significant 
clusters in this time-window, although the difference in 
alpha/beta power was numerically in the same direction. 
There were no significant differences between the 
rehearsed and imagined conditions in any of the ana-
lyzed frequency bands and time periods. The oscillation 
results therefore mirror the ERP results in showing the 
largest and most sustained differences between 
rehearsed and baseline conditions.

Discussion

The role of imagination in forming false memories has 
been well studied (Goff & Roediger, 1998; Schacter & 
Addis, 2020; Thomas et al., 2003), whilst less is known 
regarding how imagining a counterfactual version of 
a previous event influences people’s ability to remember 
what really happened. Here, we found novel evidence 
that counterfactual imagination impaired subsequent 
memory for true actions that had been performed with 
real objects. ERPs and oscillatory power during the sub-
sequent cued recall test showed separable early effects 
relating to activation of memory content versus later 
effects which appear to index post-retrieval processes 
that are engaged when recall attempts are not immedi-
ately successful.

Participants encoded memories by performing 
actions with everyday objects, which is known to result 
in strong memories that are rich in sensorimotor details 
(Roberts et al., 2022). One week later they were cued to 
repeatedly imagine the same action or a new counter-
factual action, and then completed surprise cued recall 
and associative recognition tests. As expected, rehear-
sing a previously performed action improved subse-
quent test accuracy and enhanced people’s subjective 

confidence in their memory responses on both tests, 
when compared to baseline object-action pairs that 
had been encoded in the first session but were not 
shown until the final tests. More importantly, both recall 
and associative recognition accuracy was lower after 
counterfactual imagination compared to baseline, show-
ing a counterfactual imagination-induced memory 
impairment over and above nonspecific sources of for-
getting over time. These findings extend on previous 
evidence that people can mistake counterfactually ima-
gined actions for true memories (Gerlach et al., 2014; see 
also Dhammapeera et al., 2020) by showing that ima-
gined counterfactuals can also disrupt their ability to 
remember true memories of performing actions.

Furthermore, since strong impairments were found 
not only during cued recall (which is highly vulnerable 
to retrieval competition) but also during associative 
recognition (which should be less vulnerable to retrieval 
competition; cf. Anderson, 2003; Hicks & Starns, 2004), 
our results suggest that the original memories may have 
become weakened or distorted as a result of counter-
factual imagination. That is, whereas memories of ima-
gined actions might compete during cued recall 
attempts and block access to memories of performed 
actions without any actual change to the original event 
memories, the true actions were actually presented on 
the associative recognition test and participants were 
required to distinguish those actions from completely 
new actions that had not been previous shown in the 
experiment. We used this design so that participants 
would be able to make recognition decisions based on 
a general assessment of memory strength (such as 
a sense of familiarity, see Hicks & Starns, 2004). 
Therefore, impaired recognition of old actions on this 
test suggests reduced memory availability rather than 
accessibility (Tulving & Pearlstone, 1966). However, this 
suggestion is tentative and requires further evidence 
since we cannot rule out that participants may have 
used a ‘recall-to-reject’ strategy during the associative 
recognition test (Rotello & Heit, 2000) by recalling the 
imagined action associated with the object and then 
making a source monitoring error by rejecting the true 
action. In order to determine the extent to which coun-
terfactual imagination induces forgetting of the original 
event details, future research should test those mem-
ories using cues that are completely independent from 
the imagined event (Anderson, 2003).

Although counterfactual imagination reduced mem-
ory accuracy compared to baseline, it did not reduce 
confidence on either memory test. This pattern suggests 
that participants lacked full metacognitive awareness 
that counterfactual imagination had impaired their 
memory, in line with previous evidence that imagination 
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can produce high confidence memory distortions (Goff 
& Roediger, 1998). Furthermore, vividness ratings during 
the imagination task were higher if participants later 
erroneously reported the counterfactual action instead 
of the original action on the cued recall test. These 
findings suggest a specific role for vivid counterfactual 
imagination in producing false memories that supplant 
the true memories of events, consistent with past evi-
dence and theoretical accounts suggesting that vivid 
imagination can become encoded into memories that 
appear similar to true experiences (Johnson et al., 1993; 
Schacter & Addis, 2020; Simons et al., 2017).

The EEG measures recorded during cued recall 
revealed that prior counterfactual imagination primarily 
influenced relatively late processes that are likely 
engaged at a post-retrieval stage. In contrast, early EEG 
markers of initial activation of memory content were 
enlarged for cues that had been shown in the imagina-
tion task regardless of whether participants had ima-
gined true or counterfactual actions for those cues. In 
ERPs, an early (from ~200 ms) central and parietal posi-
tivity was present in both the rehearsed and imagined 
conditions compared to the baseline condition, lasting 
through the first second of the epoch. This positivity 
likely reflects both initial familiarity of the object cue 
and subsequent recollection of associated actions, 
regardless of whether that action had been performed 
or imagined (Rugg & Curran, 2007; Staresina & Wimber, 
2019), consistent with the behavioral finding that parti-
cipants were least likely to recall any action at all (correct 
or incorrect) in the baseline condition. Shortly after the 
cue (~500 ms) there was also a reduction in oscillatory 
power across all frequencies for the rehearsed and ima-
gined conditions relative to the baseline condition. 
Alpha/beta power decreases with successful associative 
recall and may index activation of a core recollection 
network involving posterior parietal and medial tem-
poral brain regions (Martín-Buro et al., 2020), explaining 
the reduction in power for higher frequencies. We did 
not however observe the predicted theta power increase 
in the early part of the epoch, as sometimes found 
during recollection (Herweg et al., 2020). The similarity 
in initial EEG markers of memory retrieval across 
rehearsed and imagined conditions is consistent with 
prior fMRI evidence that imagination produces mem-
ories that are neurally similar to memories of experi-
enced events (De Brigard & Parikh, 2019; Schacter & 
Addis, 2020).

Later in the epoch (after ~2 s post-cue) both ERPs and 
oscillations showed a different pattern. Late ERP slow 
drifts in memory paradigms have been associated with 
retrieval monitoring, sustained memory search and con-
trol processes (Bergström et al., 2013; Johansson et al., 

2007; Mecklinger et al., 2016). We found that such late 
ERP slow-drifts were more positive for both baseline and 
imagined conditions compared to the rehearsed condi-
tion, suggesting that both of the former conditions 
recruited such additional processing to a larger extent. 
The similarity of these late ERP slow drifts across imagi-
nation and baseline conditions suggest that they do not 
reflect a brain process that is specifically involved in 
resolving retrieval competition between true and ima-
gined memories. Instead, the late slow drifts seem linked 
with generally low accuracy and low confidence in mem-
ory responses, possibly indexing the engagement of 
additional and/or temporally extended monitoring pro-
cesses when a correct answer was not readily available 
(e.g., Hayama et al., 2008).

Around the same time as the ERP slow-drift effects, 
EEG oscillations showed a late reduction in alpha/beta 
power for the baseline condition compared to the 
rehearsed condition, and a weaker and non-significant 
numerical reduction when compared to the imagined 
condition. As with the ERPs, because this effect was 
largest for the baseline vs. rehearsed comparison, it 
does not seem to reflect inhibitory control processes 
that are engaged to resolve retrieval competition 
between multiple memories associated to the same 
cue (Jensen & Mazaheri, 2010; Waldhauser et al., 2012), 
since such an account would predict largest alpha/beta 
power increases in the imagined condition. Instead, late 
alpha/beta power reductions for baseline items could 
reflect a delayed recall success effect (Martín-Buro 
et al., 2020) in this condition, assuming that recall of 
actions for baseline cues would be slowest. However, 
this account is tentative since it does not explain why 
the late baseline effect had a more occipital scalp dis-
tribution than the earlier alpha/beta reduction for 
rehearsed and imagined conditions. It is also unclear 
why there were no EEG oscillation differences between 
imagined and rehearsed conditions, when such differ-
ences emerged in the ERPs. These measures are sensitive 
to complementary aspects of neural activity so inconsis-
tencies are not uncommon (discussed in e.g., Hellerstedt 
et al., 2021); however, the statistical power of the analy-
sis also differed across the two measures. Since oscilla-
tion analysis includes a third frequency dimension, 
correcting for the larger number of multiple compari-
sons resulted in a stricter statistical threshold when 
compared to the ERP analysis, which could explain why 
additional effects were detected in the ERPs. 
Nevertheless, the ERPs and oscillations provide novel 
evidence to suggest that participants engaged in similar 
late retrieval processes both when recalling weak mem-
ories and when trying to distinguish between compet-
ing memories of imagined and true versions of events. 
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However, understanding the exact functional role of 
these late retrieval processes requires further research.

In conclusion, our behavioral and neural findings 
show that vivid counterfactual imagination can impair 
true memories, even for strongly encoded and sensor-
imotor rich memories of interacting with the world. 
These results therefore demonstrate how our everyday 
reflections on how past events might have turned out 
differently can change our beliefs about what really 
happened, due to the malleable nature of memory.
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