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A B S T R A C T   

The ability to control unwanted memories is essential for emotional regulation and maintaining mental health. 
Previous evidence indicates that suppressing retrieval, which recruits executive control mechanisms to prevent 
unwanted memories entering consciousness, can cause forgetting, termed suppression-induced forgetting (SIF). 
Since these executive mechanisms involve multiple mental operations, we hypothesize that the efficacy of SIF 
may be limited by individuals’ capacity limitation of cognitive control. Here, we tested this hypothesis. Par
ticipants were assigned to two groups based on the median of their cognitive control capacity (CCC, estimated by 
the backward masking majority function task) and performed the think/no-think task with electrophysiological 
signals recorded. The results showed that the SIF effect was observed only in the high CCC group but not in the 
low CCC group. In accordance, repeated suppression attempts also resulted in a steeper reduction in intrusive 
thoughts in the high CCC group. Furthermore, ERP analysis revealed a decrease in recollection-related late 
parietal positivity (LPP) under the no-think condition in the high CCC group. A mediation analysis revealed that 
the reduced intrusive memories mediated the effect of CCC on SIF. These findings suggest that suppressing 
retrieval could reduce traces of the unwanted memories, making them less intrusive and harder to recall. More 
importantly, successful SIF is constrained by the capacity of cognitive control which may be used to ensure the 
coordination of multiple cognitive processes during suppression.   

1. Introduction 

There are some unpleasant memories that we would prefer to forget. 
For example, people sometimes suffer from intrusive memories after a 
traumatic event. To reduce the emotional distress caused by these 
memories, individuals need to deliberately control their memory. It has 
previously been proved that people often have control over their 
memory even when directly confronted with reminders; this is called 
retrieval suppression (Anderson and Hanslmayr, 2014; Catarino et al., 
2015). Suppressing the retrieval of unwanted memories is considered a 
critical ability for mental health (Costanzi et al., 2021). But not all in
dividuals are equally effective at suppressing retrieval (Levy & Ander
son, 2008, 2012) and many studies suggest that deficits in controlling 
memories and thoughts are the core of some psychological disorders 
(Goschke, 2014; Hertel, 1997, 1998, 2007; McTeague et al., 2016). Why 
does the ability to suppress memory retrieval vary among people and 

what is the key factor determining this variation? Figuring out answers 
to these questions will contribute to effective management of long-term 
memory, the maintenance of mental wellbeing, and in particular, better 
intervention in those psychological disorders characterized by intrusive 
thoughts and memories. 

Retrieval suppression in the laboratory is generally studied using the 
think/no-think (TNT) task (Anderson and Green, 2001). During this 
task, participants learn a series of cue-target pairs, such as word pairs. 
Then they are presented with cues from learned pairs and asked to recall 
the target word corresponding to the cue (think condition) or avoid 
recalling the target word (no-think condition). Sufficient evidence has 
shown that the “no-think” manipulation leads to worse recall of target 
words compared to the “baseline (natural decay)”; this is termed as 
“suppression-induced forgetting” (SIF, Anderson and Hanslmayr, 2014; 
Depue et al., 2007; Noreen et al., 2014; Noreen and Macleod, 2013, 
2014). The SIF effect is suggested to arise from inhibitory control process 
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that disrupts the availability of the unwanted memory and later renders 
it inaccessible (Anderson and Green, 2001; Anderson and Hanslmayr, 
2014; Engen and Anderson, 2018; Meyer and Benoit, 2022). Recent 
neuroimaging studies showed that “no-think” effort engages brain areas 
related to cognitive control, i.e., the right dorsolateral prefrontal cortex 
(DLPFC) and the dorsal anterior cingulate cortex (dACC, Anderson et al., 
2004). Increased DLPFC activation is correlated with decreased activ
ities in the hippocampal (HC) and sensory processing regions (Anderson 
et al., 2016; Benoit and Anderson, 2012; Benoit et al., 2015; Depue et al., 
2007; Gagnepain et al., 2017; Levy and Anderson, 2012), and this cor
relation can predict later forgetting (Benoit and Anderson, 2012) and 
involuntary memory intrusions (Benoit et al., 2015). A recent study 
found that the dACC dynamically modulates inhibition control accord
ing to different cognitive control demands (Anderson and Hulbert, 2021; 
Braver, 2012; Braver et al., 2009; Crespo García et al., 2021). On the one 
hand, upon seeing the reminders of unwanted memories, dACC triggers 
an active control to prevent them from entering the consciousness. On 
the other hand, dACC is engaged in detecting the emergence of un
wanted content, which amplified the top-down inhibitory control 
through DLPFC-HC pathway, to counteract the intrusions and remove 
them out of the mind (Crespo García et al., 2021). Therefore, the 
effective retrieval avoidance and successful intrusion elimination may 
depend on the integrity of one’s cognitive control (Mackie & Fan, 2016, 
2017). 

Cognitive control refers to the flexible allocation of mental resources 
in favor of current goals (Badre, 2008). Well-functioning cognitive 
control enables individuals to coordinate mental operations under 
conditions of uncertainty, so that important information can be selected 
and prioritized into consciousness (Fan, 2014; Miller, 2000). Studies 
have found that cognitive control correlate with many high-level 
cognitive processes, such as attention (Mackie et al., 2013), thinking 
(Zabelina and Ganis, 2018), decision making (Waskom et al., 2017), and 
motor inhibition (Hampshire et al., 2010). However, it is clear that there 
is a capacity limitation of the mental operations in cognitive control 
(Fan, 2014). Recently, research has made progress in directly quanti
fying cognitive control capacity (Fan, 2014; Wu et al., 2016). According 
to information theory, the capacity of a channel is the maximum 
transmission rate while guaranteeing accuracy (Fan, 2014). In this 
frame, the capacity of cognitive control can be estimated based on the 
relationship between the information rate of cognitive control and 
response accuracy through a backward masking majority function task 
(MFT-M) (Chen et al., 2020; Wu et al., 2016, 2019). Cognitive control 
capacity (CCC, in bits per second, bps) is a direct quantification of in
dividual’s cognitive control and it refers to the upper limit that one can 
reliably make binary decisions at a time (Miller and Cohen, 2001). The 
CCC of healthy young adults ranges from 1 to 5 bps with a mean level of 
3–4 bps (Chen et al., 2020). Theoretically, individuals with high CCC can 
perform mental operations more accurateflthan,〷irectlxᨰ㜀਀〲〱㈀ကༀ〰ကxЀ੝⁔䨊ㄠ〠〠ㄠ㈱⸴〰ᤀԀ
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those reported elsewhere (e.g., Streb et al., 2016). The independent 
sample t-test for CCC showed that the two groups were significantly 
different, t (40) = − 7.925, p < .001. Participants were asked not to 
consume psychostimulants, drugs, or alcohol before the experimental 
period. This study was approved by the local Research Ethics Committee 
of the School of Psychological and Cognitive Sciences, Peking 
University. 

2.2. Procedure 

2.2.1. Measurement of cognitive control capacity 
The CCC of each participant was measured using the MFT-M (Chen 

et al., 2019). In each trial (Fig. 1), five arrows were presented simulta
neously in 8 possible locations after fixation of 0–500 ms. Each arrow 
extended 0.37◦ in visual angle and pointed either left or right. Eight 
positions were arranged in an octagon, approximately 1.5◦ from the 
fixation. Then a mask for 500 ms was displayed at each location, fol
lowed by fixation of 0–1750 ms (depend on the presentation time of 
arrows). The response window began with the presentation of these 
arrows and lasted for a maximum of 2500 ms. Participants were asked to 
judge the direction of the major arrows as quickly and accurately as 
possible while trying to ensure accuracy. For example, when three ar
rows pointed right and two pointed left, the correct answer should be 
“right”. If failing to identify, they were asked to guess within the 
response window. Following the response was feedback for 750 ms. A 
fixation was displayed at the end of each trial for a variable period of 
1250–1750 ms to ensure that the duration of all trials was 5000 ms in 
total. 

The cognitive load in this task was measured as information rate and 
was parametrically manipulated by varying the congruency (3 levels) 
and the exposure time (ET, 4 levels). The ET of these arrows was 250, 
500, 1000, or 2000 ms and the congruency referred to the ratio of the 
arrows pointing in the majority and minority directions (5:0, 4:1, or 
3:2). This task consisted of 12 blocks (3 blocks for each ET) in random 

order. Each block comprised 36 trials with the same ET (12 trials for 
each congruency level). The orders of these blocks and the trials within 
each block were both random. A fixation was presented at the start and 
end for 3000 ms. This task took 40 min with 432 trials in total and was 
run on a PC using E-Prime 2.0 software (Psychology Software Tools, 
Pittsburgh, PA). The CCC of each participant was estimated using model 
fitting based on the level of cognitive load and response accuracy. De
tails about these can be found in a previous study (Wu et al., 2016, see 
https://github.com/TingtingWu222/CCC for the E-prime program of 
the MFT-M and Matlab scripts for the CCC estimation). 

2.2.2. Think/no-think task (TNT) 
Following the MFT-M task, participants performed the TNT task. The 

stimuli consisted of 60 semantically weakly-related two-character Chi
nese word pairs (e.g., “PORT-SURFACE”) and 16 additional two- 
character words. The selection of words was based on the literature 
(Zhu et al., 2016). Forty-eight word pairs were randomly assigned into 
three equal sets for different conditions (think, no-think, and baseline), 
and 12 word pairs were used as stimuli for practice. The assignment of 
word sets was counterbalanced across experimental conditions and 
across participants. Word frequency, number of strokes, and familiarity 
were matched between word-pair sets. The 16 single words were used as 
filling stimuli for the EEG experiment during the TNT task. 

The TNT task consisted of three phases (learning, TNT task, and test). 
The learning phase was divided into three sub-phases (presentation, 
test-feedback, and criterion test). Among the three phases, EEG signals 
were only recorded in the TNT phase. During all phases, the presentation 
of the stimulus was preceded by a fixed cross on a black screen for 1000 
ms. The presentation of experimental stimuli and the recording of par
ticipants’ responses were programmed with the Psychotoolbox software 
package (MatLab). 

In the initial presentation phase, 60 word pairs were presented in 
random order in white on a black background for 3000 ms (interstim
ulus interval (ISI): 500 ms). Participants were asked to form an 

Fig. 1. Schematic of the MFT-M. Participants were required to report the majority of arrow directions in each trial. Upper right panel: ratios of possible congruency 
(majority: minority) of arrow sets. Lower left panel: different exposure times (ET) of the arrow set. The response window begins with the presentation of ET and lasts 
2.5 s in total. 
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association between the two words so that they could recall the right- 
hand word (the matching target) when given the left-hand word (the 
cue word) later. Besides, 16 single words were presented on the left side 
of the screen sequentially, as filling stimuli in the TNT phase. Afterward, 
a test with feedback was performed. The cue word was presented for 
3000 ms. Participants were asked to recall the corresponding target 
word once they saw the cue. They were also told to press the “N” key if 
they could think of the target word, or to press the “M” key if they could 
not think of the target or were unsure of their memory. Following a 500- 
ms ISI, the corresponding target word was displayed for 1000 ms. The 
recall test with feedback was repeated in an adaptive manner until 
participants reported remembering all word pairs. Finally, a criterion 
test without feedback was implemented. Each cue was presented for 
3000 ms (ISI: 1000 ms) in random order and participants were asked to 
type the corresponding target word into the computer. Participants were 
allowed to proceed with subsequent phases if they remembered >90% of 
the word pairs on the criterion test. 

The trial diagram of the TNT phase is illustrated in Fig. 2A. This 
phase was divided into 8 blocks, and the EEG signal was recorded during 
this phase. Each block included 48 cue words, 16 each for the Think and 
No-think conditions, and 16 as filling stimuli. Each cue was displayed for 
3000 ms in green (think trial), in red (no-think trial), or in yellow (filler 
trial), in the center of the screen. When a cue was presented in green, the 
task was to recall the associated target word as soon as possible and keep 
it in mind until the cue disappeared. When a cue was presented in red, 
the task was to avoid thinking about the associated target word while 
sustaining attention on the cue word until it disappeared. Moreover, 
participants were asked not to replace the target word with any other 
distracting ideas or images, but simply to stop themselves from 
retrieving the target. Besides, when a cue was presented in yellow, the 
task was to read the word and pay attention to it until it disappeared. 
Following each trial, participants rated the extent to which they thought 

of the associated target on a scale from 1 to 3 (never, briefly, often) by 
pressing keys. The keys were balanced between participants on the left 
and right hands (left: never S, briefly D, often F; right: never J, briefly K, 
often L). Yellow words had no associated target words, so we asked 
participants to report the occurrence of thoughts other than the cue. To 
ensure that participants have fully understood these instructions, prac
tice with structured feedback � 
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such as blinking, horizontal eye movement, ECG, and EMG. The seg
mentation standard took the occurrence time of the cue word as the zero 
point to intercept the TNT phase –500~3000 ms as the epoch, and the 
total length was 3500 ms. Five hundred milliseconds before the 
appearance of the cue word were used as the baseline for baseline 
correction, and trials exceeding ±100 μV were tagged as artifacts for 
removal. The average number of accepted trials was 122 (artifact 
removal rate 4.75%) in the think condition and 122 (artifact removal 
rate 4.66%) in the no-think condition. 

ERP waveforms for the think and no-think trials were extracted from 
the mean amplitudes of four time windows (220–300 ms, 350–450 ms, 
500–700 ms, and 1000–1500 ms). These windows were chosen based on 
visual inspection and previous ERP studies (Mecklinger et al., 2009). We 
included the 220–300 ms window to quantify the P2 effect, the 350–450 
ms window to capture the FN400 effect, 500–700 ms to capture the 
onset of the LPP effect, and the 1000–1500 ms window to capture the 
FSW effect. Statistical analysis of the ERP data was based on the mean 
amplitude at specific electrodes according to topographic maps, 
fronto-central (Fz, FC1, FC2) for P2, centro-parietal (Cz, FC1, FC2, CPz) 
for FN400, parietal (Pz, CPz, CP1, CP2) for LPP, and frontal (Fz, F1, F2) 
for FSW. The data analysis used repeated-measures ANOVA of Group 
(high CCC versus low CCC) × Condition (think vs no-think), to correct the 
data with the Greenhouse-Geisser method when necessary. To investi
gate the relationship between CCC and suppression-related ERPs, we 
calculated robust Pearson correlations between the differences of ERP 
across conditions (think minus no-think) and CCC. 

3. Results 

3.1. Behavioral results 

In the criterion test, the average correct rate of the high CCC group 
was 92.5%, and that of the low CCC group was 91.8% (no significant 
difference, paired t-test). There was no difference in the initial memory 
strength between the two groups. 

3.1.1. Intrusions during the think/no-think task 
First, we determined whether intrusions occurred during the TNT 

phase, and how they were affected by repetition and CCC. Since we 
focused on the intrusions during extraction inhibition, only the in
trusions in the no-think condition were covered. Based on the literature, 
“briefly” and “often” responses were counted as intrusions, while 
“never” responses were coded as non-intrusions (Levy and Anderson, 
2012). Using the sum of intrusions as the numerator, and the total 
number of no-think trials per block as the denominator, the result is the 
frequency of intrusive memories. There were 8 blocks in the experiment. 
The intrusion rate declined with the repeated effort of suppressing 
retrieval in both the high and low CCC groups, although the decline was 
greater in the high CCC group (Table 1, Fig. 2B). 

To further determine the impact of the repetition stages on the in
trusions, we divided the 8 blocks into early and late stages. The data of 
the first four blocks were averaged as the frequency of early intrusive 
memories, and the data of the last four blocks were averaged as the 
frequency of late intrusive memories (Table 2). We performed a 2 
(Group: low CCC group vs high CCC group) × 2 (Stage: early vs late) 
repeated measures ANOVA, which showed significant main effects of 
Stage, F (1, 40) = 43.39, p < .001, η2

p = 0.52, and Group, F (1, 40) = 4.50, 

p = .040, η2
p = 0.10. The interaction of Group and Stage was significant 

(Fig. 2C), F (1, 40) = 5.78, p = .021, η2
p = 0.13. Subsequent pairwise 

comparisons revealed that for the early stage, the differences in in
trusions of two groups were not significant, MD = 0.016, p = .776; 
however, for the late stage, the differences in intrusions of two groups 
were significant, MD = 0.150, p < .001. These results showed that the 
intrusion rate declined with suppression effort and that CCC can mod
erate this decline. In the high CCC group, the intrusion rate decreased 
more than in the low CCC group. 

3.1.2. Memory performance in the final test 
Next, we examined whether the memory performance in the recall 

test was affected by suppression in the think/no-think task and CCC 
(Table 2). We performed a 2 (Group: high CCC group vs low CCC group) 
× 3 (Condition: think vs no-think vs baseline) two-factor repeated 
measures ANOVA analysis (Fig. 2D). Replicating previous studies, the 
results showed a reliable main effect of Condition, F (2, 80) = 3.85, p =
.025, η2

p = 0.09. The recall accuracy was lower in the No-think condition 
than in the baseline condition, MD = − 0.05, t (41) = − 2.44, p = .044. 
There were no significant differences between the recall accuracy in the 
No-think condition vs the Think condition and the baseline condition vs 
the think condition (p = .09Wⴲ⸸〹㘠呭ਜ਼⠀ఀက܀‱‱⸵㘴㠠ⴱ⸴㤳㜲嬨th䨊⽆㄰‱⁔昊ㄠ〠〠ㄠㄲ⸱㌵‭ㄹ⸸㘶〮㝔洊嬨崠告ਯ䘰‱⁔昊ㄠ〠〠ㄠ㜮㐲㘱‭㔮㐲㜶㘹″㘲⠀⸀㤀㼀‭㈿〠ⴲ㼰‭㈿〠ⴲ㔩崠告਱‰‰‱‭ㄮ㜴㈷‭ㄸ⸵㔹⁔洳嬨-⥝⁔䨊䕔ਬ〰㔩崠告਱‰‰—en ⥝⁔ԩ崠告਱‰‰‱‱ㄮ㐹㐸‭ㄸ⸵㔮呭ਜ਼⠀ᘩ崠告੅吊䕍』 -
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[0.420, 0.857], p < .001). These findings suggested that a higher CCC 
could predict both a larger reduction in memory intrusion during 
repeated retrieval inhibition attempts and a greater final 
suppression-induced forgetting. The greater reduction in memory 
intrusion, in turn, further predicted SIF. 

To examine whether the effect of CCC on forgetting is mediated by a 
decline in intrusion, we used a bootstrapping procedure on the partici
pants’ data to compute the 95% CI around the indirect effect (i.e., the 

path through the mediator) using the PROCESS macro in SPSS (Model 4; 
Hayes, 2013). We conducted a test of indirect effects for all participants, 
with CCC as the independent variable, SIF as the outcome variable, and 
the decline in intrusion as the mediator variable (see Fig. 3C). The path 
from CCC to the decline in intrusion was significant (a = 0.238 [0.028, 
0.408], p = .035), as was the path from the decline in intrusion to SIF (b 
= 0.153 [0.030, 0.314], p = .030). In addition, the results of mediation 
analyses showed that reduction in intrusion mediated the relationship 

Fig. 3. (A, B) Association between cognitive control capacity (CCC) and suppression-induced forgetting (SIF) (A) and reduction in intrusion (B). (C) Mediation model 
for the direct and indirect effects of CCC on forgetting; reduction in intrusive memories partially mediates their relationship (*p < .05). 

Fig. 4. ERP results. (A) Grand average ERPs from the Think/no-think phase of two groups from three electrode sites (FZ, Cz, and Pz). HCCC, high CCC group; LCCC, 
low CCC group. (B) Topographical map of the Group × Condition interaction of late parietal positivity (LPP) and mean LPP amplitudes for different conditions and 
different groups. (C) Topographical map of Group × Condition interaction of frontal negative slow wave (FSW) and mean FSW amplitudes for different conditions 
and different groups (T: think condition; NT: no-think condition; H: high CCC group; L: low CCC group). 

S. Chen et al.                                                                                                                                                                                                                                    
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between CCC and SIF (total effect: c = 0.124 [0.024, 0.224], p = .017; 
direct effect: c’ = 0.087 [-0.014, 0.188], p = .088; indirect effect: a × b 
= 0.037 [0.0007, 0.093], p = .024). These results suggested that the 
decline in intrusion partially mediated the effect of CCC on SIF. 

3.2. ERP results 

The grand average of ERPs for the think (high and low CCC) and no- 
think (high and low CCC) conditions are shown in Fig. 4A. Firstly, 
negative FN400 effect emerged during the 350–450 ms window. 
Inconsistent with previous studies (Mecklinger et al., 2009), the main 
effect of condition was not significant, F (1, 40) = 0.030, p = .863, η2

p =

0.001; and the main effect of Group was not significant, F (1, 40) =
2.172, p = .148, η2

p = 0.051. Thus, an FN400 occurred in both groups and 
both conditions when the cue was presented. 

Then, an LPP effect for recollection emerged during the 500–700 ms 
window (Fig. 4A). Analysis of the LPP revealed a significant Group ×
Condition interaction, F (1, 40) = 6.908, p = .012, η2

p = 0.147. Further 
pairwise comparison showed that, for the high CCC group, the LPP of the 
no-think was much lower than that of the think condition, MD =
− 1.422, p < .001 (Fig. 4B); however, in the low CCC group, the differ
ence of conditions was not significant, MD = − .367, p = .872. Our re
sults showed that the no-think condition has a reduced LPP amplitude 
compared to the think condition, but only in the high CCC group. No 
significant main effects were found (ps > .05). What’s more, to check if 
the LPP reflected the level of recollection, we calculated the correlation 
between reduced LPP (think minus no-think) and the decline in intru
sion and it was significant (r = 0.437 [0.122, 0.697], p = .004). The 
results revealed a consistency between neural indicators of recollection 
and verbal reports of intrusion. 

A continued frontal positive effect emerged during the 1000–
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(Lopez-Caneda et al., 2019), these findings may suggest that people with 
high CCC performed better in avoiding retrieval and preventing un
wanted memories entering consciousness. Moreover, being aware of 
intrusive memory meaned that the memory was reactivated at least 
briefly during the trial. The correlation between the reduced LPP effect 
and the reduced intrusion may indicate the consistency between the 
level of oral reported memory reactivation and the neurological in
dicators related to recognition. Both of them may reflect the reduction of 
memory strength and accessibility (Meyer and Benoit, 2022). Therefore, 
these results indicate that people with low CCC perform poorly in pre
venting the memory from entering consciousness and reducing the 
strength of the memory trace, which leads to a failure in forgetting. 

FSW have been thought to be engaged in the strategic control of 
memory retrieval and in regulating the accessibility of unwanted 
memories (Mecklinger et al., 2009; Waldhauser et al., 2012). Our results 
showed a reduced FSW in the 1000–1500 ms window in the low CCC 
group. Given the higher intrusion and increased level of LPP in the low 
CCC group, the decreased FSW may reflect a failure to regulate 
competing memories. In line with our results, Hellerstedt proposed that 
the FSW effect could index the intrusion of an unwanted memory into 
working memory (Hellerstedt et al., 2016). Anderson proposed that the 
inhibitory process that occurs after the appearance of an intrusive 
memory is a process of reactive cognitive control, which is 
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