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A B S T R A C T

Alpha oscillations are proposed to serve the function of inhibition to protect items in working memory from 
intruding information. In a modified Sternberg paradigm, alpha power was initially found to increase at the 
anticipation of strong compared to weak distractors, reflecting the active gating of distracting information from 
interfering with the memory trace. However, there was a lack of evidence supporting the inhibition account of 
alpha oscillations in later studies using similar experimental design with greater temporal disparity between the 
encoding phase and the presentation of the distractors. This temporal disparity might have dampened the de
mands for inhibition. To test the hypothesis that alpha inhibition takes place when distractors are temporally 
close to the encoding phase, here we designed a modified Sternberg paradigm where distractors were sand
wiched between targets in the encoding phase to ensure that they compete for working memory resources. Using 
electroencephalography (EEG), we replicated the finding that alpha power increased for strong compared to 
weak distractors. The effect was present throughout the encoding phase, not only upon the presentation of 
distractors but also before and after the presentation of distractors, providing evidence for both proactive and 
reactive inhibition of distractors at the neuronal level. Meanwhile, the effect was restricted to the context of high 
but not low target-to-distractor ratio. The results suggest that the distractors being temporally close to the 
encoding phase of more targets might be a boundary condition of the generation of alpha oscillations for gating.

1. Introduction

To effectively resist distracting information is an important deter
minant of working memory capacity. The inhibition of task-irrelevant 
information is proposed to be reflected by neuronal oscillations in the 
alpha band (8-12 Hz) (for reviews see Klimesch et al., 2007; Jensen and 
Mazaheri, 2010; Weisz et al., 2011; Roux and Uhlhaas, 2014; Miller 
et al., 2018). In a seminal study, Bonnefond and Jensen (2012) used a 
modified Sternberg paradigm which consisted of visual presentation of a 
memory set of four consonants (in the encoding phase), followed by a 
strong or weak distractor (i.e., a consonant or a symbol; in the retention 
phase), and then a probe (in the retrieval phase). The distractor strength 
could be anticipated by the participants because the strong and weak 
distractors were grouped in blocks. Magnetoencephalography (MEG) 
recordings showed that alpha power in the left parieto-occipital region 
increased at the anticipation of strong compared to weak distractors and 

that the increase in alpha power led to better distractor suppression at 
behavioural level. It was suggested that alpha oscillations might reflect 
functional inhibition of the sensory regions which prevents 
task-irrelevant processes from interfering with the memory trace 
(Bonnefond and Jensen et al., 2013).

Intriguingly, later research using similar block design of the modified 
Sternberg paradigm failed to provide converging results. Although the 
anticipatory activity in the alpha band was commonly reported, the 
direction of the alpha power change was inconsistent. Weisz et al. 
(2020) adapted the experiment of Bonnefond and Jensen, 2013) to the 
auditory modality, where participants listened to a memory set of four 
consonants (in the encoding phase), followed by a strong or weak dis
tractor (i.e., a spoken consonant or a scrambled consonant; in the 
retention phase), and then a probe (in the retrieval phase). MEG results 
showed that alpha power in the left superior temporal gyrus (STG) 
decreased at the anticipation of strong compared to weak distractors, 
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which might reflect the top-down prioritisation of targets in the face of 
strong distractors and/or involuntary attention to strong distractors (i. 
e., failed gating). Sghirripa et al. (2021) adapted the experiment of 
Bonnefond and Jensen (2012) by changing the visual presentation mode 
of stimuli from sequential to simultaneous. Participants were shown a 
screen of a memory set of five consonants (in the encoding phase), fol
lowed by a screen of strong or weak distractors (i.e., three consonants or 
three hash symbols; in the retention phase), and then a screen of a probe 
(in the retrieval phase). Electroencephalography (EEG) results showed 
that alpha power in the right parieto-occipital region increased at the 
anticipation of the distractor, but did not differ between strong and weak 
distractors.

The lack of converging evidence might be related to the alteration of 
the modified Sternberg paradigm. In the study of Weisz et al. (2020), the 
time interval between the presentation of the memory set and the dis
tractor doubled from 1000 ms to 2000 ms, creating a temporal gap be
tween the two phases. In the study of Sghirripa et al. (2021), the 
simultaneous presentation of the memory set followed by the simulta
neous presentation of the distractors resulted in the presentation of two 
discrete frames of stimuli. In these cases, there was a clear distinction 
between the encoding phase (when the memory set was presented) and 
the presentation of the distractor. As the encoding of the memory set was 
obviously over when the distractor appeared, there might be less need to 
suppress the distractor from competing for working memory resources. 
In other words, although previous studies all reported the presentation 
of the distractor in the retention phase, it is possible that in the initial 
study of Bonnefond and Jensen (2012) the distractor appeared in the 
encoding phase to compete for working memory resources, whereas in 
later studies where the experimental parameters changed, the distractor 
was pushed further away from the encoding phase into the retention 
phase (e.g., Weisz et al., 2020; Sghirripa et al., 2021).

To test the hypothesis that alpha inhibition takes place when dis
tractors are temporally close to the encoding phase, here we designed a 
modified Sternberg paradigm where distractors were sandwiched be
tween targets. This design would ensure that the distractors remained in 
the encoding phase to compete for working memory resources. To 
explore the boundary condition of the generation of alpha oscillations as 
a neuronal mechanism for gating, we also created two contexts, one 
containing more targets than distractors (which resembled the setup in 
most literature) and one containing fewer targets than distractors 
(which was less studied). We hypothesised that alpha power should 
increase at the anticipation of strong compared to weak distractors. 
Whether the result pattern would hold in both contexts was an open 
question.

2. Materials and methods

Participants. A total of 25 healthy volunteers participated in the 
study (19-23 years of age, 13 males, 23 right-handed), all reporting no 
history of neurological, neuropsychiatric, or visual/hearing impair
ments. Participants gave written informed consent and were paid for 
participation. Three participants were excluded from data analysis due 
to excessive sweating, environmental noise, and not following the in
struction, leaving 22 participants in the sample (19-23 years of age, 11 
males, 21 right-handed). The study was conducted in accordance with 
the Declaration of Helsinki and approved by the Research Ethics Com
mittee at National Taiwan Normal University.

Stimuli. Stimuli consisted of Mandarin spoken digits from zero to 
nine (all of which were monosyllabic) from the Notevibes database (htt 
ps://notevibes.com/) by a female voice (Mandarin Chinese-Yu Yan) to 
serve as targets and by a male voice (Mandarin Chinese-Chang) to serve 
as distractors. We used voices of different genders as targets and dis
tractors to allow a clear distinction between them. We submitted all files 
(64 kbps/24 kHz) to a root-mean-square amplitude normalisation and 
removed the silent parts in the beginning and the end of each file (using 
a threshold of 0.035). For the manipulation of distractor strength, we 

additionally generated a scrambled version of the male voice using the 
shufflewins function in Matlab (Ellis, 2010), which preserves the fre
quency content of the original sound but makes it unintelligible. Lastly, 
for all files the final 10 ms were edited with the Fade Out effect in Au
dacity to avoid audio artefacts. Overall, the duration of the spoken digits 
ranged from 305.083 to 437.667 ms for the female voice (mean: 367.387 
ms) and 248.208-414.625 ms for the male voice (mean: 344.396 ms).

Procedures. Fig. 1 illustrates the modified Sternberg paradigm in 
which participants were presented with six spoken digits, where strong 
distractors (using the original male voice) or weak distractors (using the 
scrambled male voice) were sandwiched between targets spoken by a 
female voice, with a stimulus-onset asynchrony (SOA) of 1100 ms (i.e., 
the encoding phase). The target-to-distractor ratio can be 4-to-2 (where 
there were more targets than distractors) or 2-to-4 (where there were 
fewer targets than distractors). The encoding phase was followed by a 
silent interval of 2200 ms (i.e., the retention phase) and then a spoken 
digit as a probe to which participants had to press a key to indicate 
whether it was one of the targets presented earlier (i.e., the retrieval 
phase). While 50% of the probes called for a yes response, 50% of the 
probes called for a no response. The assignment of the response keys was 
counterbalanced across participants. Participants’ response was fol
lowed by a jittered intertrial interval (ITI) of 900-1300 ms.

Participants were presented with 16 blocks, four blocks per each 
condition (i.e., block design), so that participants can anticipate the 
distractor (of different strength) and the context (of different target-to- 
distractor ratio). Each block contained one practice trial followed by 
26 trials. Block order and trial order were randomised across partici
pants. A black fixation cross against white background remained on the 
screen for the duration of each block, viewed from a distance of 120 cm. 
E-prime version 2.0 (Psychology Software Tools) was used for stimulus 
presentation. Stimulation was delivered binaurally via headphones 
(Sennheiser HD 2.30i) with an intensity of maximum 73 dB (65.4–73.7 
dBA; 67.0–73.1 dBC).

Data recording and preprocessing. EEG was recorded from 32 
active electrodes on a Brain Products actiCAP snap according to the 
extended 10–20 system. The ground electrode was placed at FPz and the 
reference electrode was placed at Fz. Eye movements were monitored by 
additional four electrodes placed above and below the left eye and at the 
outer canthi of both eyes, which were bipolarized online to yield vertical 
and horizontal electrooculography (EOG), respectively. All signals were 
amplified with the BrainVision actiCHamp Plus (Brain Products GmbH, 
Germany) and sampled at 500 Hz, and then filtered at 0.1-100 Hz offline 
in EEGlab 14_1_2b (Delorme and Makeig, 2004).

Ocular artefact correction was conducted with independent compo
nent analysis (ICA) using the runica algorithm. ICs capturing blinks and 
horizontal eye movements were determined by visual inspection, 
pruning out one to two components for each participant. Epochs 
extended from − 1100 ms to 8800 ms relative to the onset of each correct 
trial (i.e., covering 1100 ms before the onset of the encoding phase and 
1100 ms after the offset of the retention phase), using the average of the 
entire epoch as baseline (i.e., demean). Bad electrodes were identified (if 

Fig. 1. A set of six spoken digits were presented sequentially at a rate of 1100 
ms, where strong or weak distractors (corresponding to the original or scram
bled male voice) were sandwiched between targets spoken by a female voice. 
The target-to-distractor ratio can be 4-to-2 (as shown here) or 2-to-4. Partici
pants indicated by a button press whether the probe was part of the targets.
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there were more than 25% of the epochs containing voltage deviations 
exceeding ±100 μV relative to baseline) and interpolated using spher
ical interpolation. The data was recomputed to average reference. 
Epochs containing voltage deviations exceeding ±100 μV relative to 
baseline at any of the electrodes were rejected. The trial numbers after 
artefact rejection in each condition are listed in Table 1.

Data analysis. To examine the time course of the frequency content, 
EEGlab 14_1_2b (Delorme and Makeig, 2004) was used to compute the 
event-related spectral perturbation (ERSP) which provides a 
time-frequency representation of the mean change in power spectra 
relative to baseline. To model ERSP, we applied a 3-cycle Morlet wavelet 
where the cycles linearly increased with frequency by a factor of 0.8 
from 4 to 30 Hz, using the entire epoch and the baseline from − 800 to 
− 300 ms (i.e., 500-ms long). To estimate the effect of strong and weak 
distractors in different contexts, we performed one-way ANOVA using 
permutation statistics with FDR correction, with the p-value threshold 
set at 0.05 and randomization set at 2000. The topographical distribu
tion of alpha activity (8-12 Hz) between strong and weak distractors in 
different contexts was respectively compared in the encoding phase 
(0-5500 ms as a whole and per 1100 ms corresponding to the onset of 
each spoken digits to delineate the development of alpha power before 
and after the presentation of distractors) as well as the retention phase 
(5500-7700 ms).

3. Results

Behavioural performance differed by context. For accuracy 
(Fig. 2A), there was no distractor × context interaction (F(1,21) =
0.522, p = 0.478). Participants’ accuracy did not differ between strong 
and weak distractors (F(1,21) = 1.481, p = 0.237), but was lower in 4- 
target-2-distractor than 2-target-4-distractor context (F(1,21) = 6.277, 
p = 0.021).

For RT (Fig. 2B), there was a significant distractor × context inter
action (F(1,21) = 7.975, p = 0.010). Post hoc comparisons showed that 
participants’ RT did not differ between strong and weak distractors (4- 
target-2-distractor: t(21) = 1.822, p = 0.083; 2-target-4-distractor: t(21) 
= − 2.260, p = 0.035), but was longer in 4-target-2-distractor than 2- 

target-4-distractor context (strong distractor: t(21) = 5.228, p <
0.001; weak distractor: t(21) = 4.203, p < 0.001).

Inhibition-related alpha power was modulated by context. The 
time-frequency representations suggested that there was a difference 
between strong and weak distractors at frontal and central electrodes in 
the 4-target-2-distractor context but not in the 2-target-4-distractor 
context (Fig. 3).

We then compared the topographical distributions of alpha activity 
between strong and weak distractors per context. In the 4-target-2-dis
tractor context, alpha power increased for strong compared to weak 
distractors in the encoding phase (Fig. 4A). We also examined the effect 
per 1100 ms, corresponding to the onset of one spoken digit until the 
onset of next spoken digit (i.e., 0-1100 ms, 1100-2200 ms, 2200-3300 
ms, 3300-4400 ms, and 4400-5500 ms). Alpha power increased not 
only upon the presentation of distractors but also before and after the 
presentation of distractors (Fig. 4B). Notably, although alpha enhance
ment peaked at right temporal electrodes, the significant difference 
between strong and weak distractors was found beyond right temporal 
electrodes, across bilateral frontal and occipital electrodes.

In the 2-target-4-distractor context, alpha power did not differ be
tween strong and weak distractors in the encoding phase (Fig. 4C and D).

No significant effect was found in the retention phase.
Exploratory analysis revealed a negative correlation between 

alpha power and RT. Since we found alpha enhancement for strong 
compared to weak distractors in the 4-target-2-distractor context, we 
further explored whether there is a correlation between alpha power and 
behavioural performance here. We averaged the alpha power on Cz 
(where significant effect can be seen before/during/after distractor 
presentation) per 1100 ms as before distractor presentation (1100-2200 
ms), during distractor presentation (2200-3300 ms and 3300-4400 ms), 
and after distractor presentation (4400-5500 ms). An α level of 0.05/4 =
0.0125 was used to correct for multiple comparisons. When strong dis
tractors were presented, no significant correlation was found between 
alpha power and behavioural performance. When weak distractors were 
presented, a negative correlation was found between alpha power after 
distractor presentation and RT (Table 2). Given that no inhibition- 
related alpha power was found in the 2-target-4-distractor context, no 
correlation analysis was performed here.

4. Discussion

Alpha oscillations have been implicated in the gating of task- 
irrelevant information in working memory (Klimesch et al., 2007; Jen
sen and Mazaheri, 2010; Weisz et al., 2011; Roux and Uhlhaas, 2014; 
Miller et al., 2018), showing anticipatory enhancement for strong 
compared to weak distractors (Bonnefond and Jensen, 2012). However, 
the lack of converging evidence in later research using similar 

Table 1 
Trial numbers after artefact rejection in each condition.

4-target-2-distractor 2-target-4-distractor

Strong Weak Strong Weak

Min 70 72 51 73
Max 98 100 98 97
Mean 87.591 87.227 87.227 86.955
SD 8.094 7.751 10.958 6.745

Fig. 2. The accuracy and RT to the probe. The accuracy was lower and the RT was longer in 4-target-2-distractor than 2-target-4-distractor context, independent of 
distractors. The asterisk indicates the mean, the central mark indicates the median, the edges of the box indicate the lower/upper quartiles, and the whisker indicates 
the nonoutlier min/max.
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experimental design (e.g., Weisz et al., 2020; Sghirripa et al., 2021) 
suggested that greater temporal disparity between the encoding phase 
and the presentation of the distractors might lessen the need to suppress 
the distractors from competing for working memory resources. Here we 
designed a modified Sternberg paradigm where distractors were sand
wiched between targets to ensure that the distractors remained in the 
encoding phase to compete for working memory resources. We repli
cated the finding of Bonnefond and Jensen (2012) that alpha power 
increased for strong compared to weak distractors. The enhancement 
can be seen throughout the encoding phase, not only upon the presen
tation of distractors but also before and after the presentation of dis
tractors. Moreover, the effect was seen in the 4-target-2-distractor 
context but not in the 2-target-4-distractor context. The results suggest 

that the distractors being temporally close to the encoding phase when 
more targets than distractors are presented might be a boundary con
dition of the generation of alpha oscillations as a neuronal mechanism 
for gating.

Unlike previous research (e.g., Weisz et al., 2020; Sghirripa et al., 
2021) which failed to replicate the finding of Bonnefond and Jensen 
(2012), we demonstrated the alpha enhancement for strong compared to 
weak distractors by placing the distractors in the middle of the encoding 
phase. It seems that alpha oscillations can serve a function of inhibiting 
task-irrelevant information in working memory as long as the distractors 
are temporally close to the targets in the processing stream. Importantly, 
the alpha enhancement for strong compared to weak distractors cannot 
be explained by the perceptual difference between distractors, as the 

Fig. 3. Grand-averaged time-frequency representations on midline electrodes. The x-axis represents time (ms). The y-axis represents frequency (Hz). The vertical 
lines mark the beginning of the encoding phase (at 0 ms), the beginning of the retention phase (at 5500 ms), and the beginning of the retrieval phase (at 7700 ms). 
The black and blue dots respectively indicate when the targets and distractors occur in the encoding phase. The difference between strong and weak distractors can be 
seen in the alpha band at frontal and central electrodes in the 4-target-2-distractor context but not in the 2-target-4-distractor context.
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strong and weak distractors were based on identical physical features 
(using the original and scrambled male voice). Moreover, the effect was 
significant not only upon the presentation of distractors but also before 
and after the presentation of distractors, providing evidence for both 
proactive and reactive inhibition of distractors at the neuronal level. The 

proactive inhibition likely suppresses perception in anticipation of 
intruding information. Recent reviews further suggested that it can 
involve a direct mechanism (i.e., a selective inhibition arising from 
top-down connections) and/or a secondary mechanism (i.e., a 
non-specific inhibition as a consequence of target facilitation) (Noonan 
et al., 2018; Jensen, 2024); however, the current research cannot 
distinguish between these two mechanisms. The reactive inhibition, on 
the other hand, likely reflects the quick disengagement from 
task-irrelevant information (Fodor et al., 2020; Zhou et al., 2023).

The alpha enhancement for strong compared to weak distractors was 
found to peak at right temporal electrodes and extend across bilateral 
frontal and occipital electrodes. The topographic distribution of the 
alpha activity focusing near the temporal areas is not surprising given 
that speech stimuli are known to activate the auditory cortices. Its 
lateralization to the right hemisphere was also observed in earlier 
research using visual (Proskovec et al., 2019; Sghirripa et al., 2021) and 
auditory (Leiberg et al., 2006) verbal working memory tasks. Similar to 
our results, Leiberg et al. (2006) found alpha and beta activity to be 
lateralized to the right fronto-temporal sites, yet the effect of working 
memory load did not show hemispheric differences. While the inter
pretation of the spatial information of a 32-channel EEG should be 
treated with caution, the widespread effect supports the involvement of 

Fig. 4. Topographical distributions of alpha activity (8-12 Hz) in strong and weak distractors per context. Electrodes showing significant differences between 
conditions are marked as red dots. (A) In the 4-target-2-distractor context, alpha power increased for strong compared to weak distractors in the encoding phase but 
not in the retention phase. (B) The comparison between strong and weak distractors per 1100 ms of the encoding phase in the 4-target-2-distractor context. (C) In the 
2-target-4-distractor context, alpha power did not differ between strong and weak distractors. (D) The comparison between strong and weak distractors per 1100 ms 
of the encoding phase in the 2-target-4-distractor context.

Table 2 
Correlation between alpha power and behavioural performance in the 4-target- 
2-distractor context.

Before 
distractor

During 
distractor

During 
distractor

After 
distractor

1100-2200 
ms

2200-3300 
ms

3300-4400 
ms

4400- 
5500 ms

Strong accuracy r − 0.003 − 0.268 − 0.008 0.053
​ ​ p 0.990 0.228 0.970 0.815
​ RT r − 0.286 − 0.275 − 0.299 − 0.367
​ ​ p 0.196 0.216 0.177 0.093
Weak accuracy r 0.066 0.166 0.103 0.033
​ ​ p 0.770 0.461 0.648 0.884
​ RT r − 0.400 − 0.473 − 0.500 − 0.577
​ ​ p 0.065 0.026 0.018 0.005
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an interactive network in distractor-filtering. For example, functional 
magnetic resonance imaging (fMRI) activity in the middle frontal gyrus 
and basal ganglia was reported to precede the filtering of task-irrelevant 
information in the encoding phase in working memory (McNab and 
Klingberg, 2008). It remains an open question how functional inhibition 
is reflected in alpha oscillations at different spatial scales.

Interestingly, the alpha enhancement for strong compared to weak 
distractors was significant in the 4-target-2-distractor context (which 
resembled the setup in most literature) but not in the 2-target-4-distrac
tor context (which was less studied). If we use the load theory (Lavie, 
2005; see also Jensen, 2024) to label the 4-target-2-distractor context to 
be of high load and the 2-target-4-distractor context to be of low load, 
the context dependency of our results seems to be in line with the reports 
of Gutteling et al. (2022). When they presented participants with targets 
of high/low load alongside strong/weak distractors (using sali
ent/masked faces as stimuli), alpha enhancement for strong compared to 
weak distractors was observed with targets of high but not low load. 
According to Jensen (2024), alpha as an inhibition mechanism can be 
driven by the load of goal-relevant information. When there were many 
targets to be processed (i.e., high load), working memory capacity was 
nearly exhausted. This would necessitate the discriminating suppression 
of strong and weak distractors to optimise performance. When there 
were not many targets to be processed (i.e., low load), working memory 
capacity left for the distractors was abundant. It could then be that both 
types of distractors were properly processed by cognitive resources in 
surplus or that both types of distractors were properly suppressed. Either 
scenario would obscure the putative difference between strong and 
weak distractors, which might also explain why previous research using 
a simple-feature discrimination task failed to find alpha enhancement to 
distractors (Noonan et al., 2016). Notably, the load theory might favour 
the former scenario (that both strong and weak distractors were properly 
processed) (Jensen, 2024). However, the result pattern of the alpha 
power in the current research seemed to favour the latter scenario (that 
both strong and weak distractors were properly suppressed), as alpha 
enhancement did appear for both strong and weak distractors in the 
2-target-4-distractor context. Indeed, given the antagonistic relation 
between the number of targets and distractors here, caution is needed in 
interpreting the dependence on context. Future research might consider 
using a factorial design to scrutinise how the number of targets and 
distractors respectively contribute to the dependence on context.

Moreover, the inhibition-related activity was not restricted to the 
alpha band but can be seen to spread to the beta band. Recent research 
suggested that both alpha and beta bursts filter information in and out of 
working memory but with partially distinct roles (Liljefors et al., 2024). 
While alpha bursts appear to suppress the sensory processing of un
wanted information, beta bursts appear to bar information from sensory 
processing into working memory and proactively remove information 
already retained in working memory (Lundqvist et al., 2016, 2018). 
Future research should explore how alpha and beta activity contribute to 
different aspects of working memory control to orchestrate the flow of 
sensory information in working memory according to task demands.

Lastly, the current research used voices of different genders as targets 
and distractors to ensure a clear distinction between them. While it re
sembles the experience of group conversations with multiple speakers 
whose voices are of distinct pitch and timbre, it remains undetermined 
whether the result pattern of the alpha power can be generalised to 
settings where targets and distractors share similar characteristics. It 
will be of interest for future research to systematically examine how the 
ease to distinguish targets and distractors might modulate the neuronal 
mechanism for gating.

In conclusion, we showed that alpha oscillations as a neuronal 
mechanism for gating take place when the distractors are temporally 
close to the encoding phase. Moreover, this phenomenon seemed to be 
context-dependent, manifesting in the context of high but not low target- 
to-distractor ratio. The results extended the inhibition account of alpha 
oscillations, suggesting that an adaptive mechanism might underlie the 

generation of alpha oscillations to protect working memory against 
distractors.
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