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Abstract

Working memory (WM) enables the temporary storage of limited information and is a central 

component of higher order cognitive function. Irrelevant and/or distracting information can have 

a negative impact on WM processing and suppressing such incoming stimuli is critical to 

maintaining adequate performance. However, the neural mechanisms and dynamics underlying 

such distractor inhibition remain poorly understood. In the current study, we enrolled 46 healthy 

adults (Mage: 27.92, Nfemale: 28) who completed a Sternberg type WM task with high- and 

low-distractor conditions during magnetoencephalography (MEG). MEG data were transformed 

into the time-frequency domain and significant task-related oscillatory responses were imaged 

to identify the underlying anatomical areas. Whole-brain paired t-tests, with cluster-based 

permutation testing for multiple comparisons correction, were performed to assess differences 
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between the low- and high-distractor conditions for each oscillatory response. Across conditions, 

we found strong alpha and beta oscillations (i.e., decreases relative to baseline) and increases in 

theta power throughout the encoding and maintenance periods. Whole-brain contrasts revealed 

significantly stronger alpha and beta oscillations in bilateral prefrontal regions during maintenance 

in high- compared to low-distractor trials, with the stronger beta oscillations being centered on 

the left dorsolateral prefrontal cortex and right inferior frontal gyrus, while those for alpha being 

within the right anterior prefrontal cortices and the right middle frontal gyrus. These findings 

suggest that alpha and beta oscillations in the bilateral prefrontal cortices play a major role in 

the inhibition of distracting information during WM maintenance. Our results also contribute to 

prior research on cognitive control and functional inhibition, in which prefrontal regions have been 

widely implicated.

Keywords

Magnetoencephalography (MEG); Cognitive control; Ventral attention network (VAN); Functional 
inhibition; Inhibitory control

1. Introduction

Working memory (WM) is necessary for remembering relevant information and is a central 

component of higher-level cognition. WM generally refers to the temporary storage of 

limited information that can be consolidated into long-term memory or forgotten after a 

brief period (Baddeley, 1983) and is served by multiple neural subsystems that are involved 

in other cognitive processes. Encoding and maintenance are two distinguishable stages of 

WM processing, with encoding referring to the processes of transforming sensory input 

into representations that are entered into some form of temporary memory buffer, while 

maintenance refers to the rehearsal of these representations occurring alongside related 

processes that are necessary for memory retention until the retrieval phase (Baddeley, 1992; 

D’Esposito and Postle, 2015; Woodman and Vogel, 2005). The amount of information 

that can be stored (maintained) at any time is termed WM capacity and varies based on 

the type and characteristics of content that is meant to be retained (Chen et al., 2022). 

Tasks such as the Sternberg paradigm, in which a series of stimuli are presented, stored, 

and retrieved, provide an opportunity to distinguish neuroanatomical responses during the 

stages of encoding, maintenance, and retrieval by allowing these phases of WM to be 

interrogated separately (Jensen et al., 2002; Sternberg, 1966, 1969). However, distinguishing 

these phases requires techniques with good temporal precision, as the overall process is 

frequently completed in just a few seconds.

A collection of neuroimaging studies have used WM tasks such as the Sternberg paradigm to 

examine the spatiotemporal dynamics of neural oscillatory responses serving each phase 

of verbal WM processing (Embury et al., 2019; Heinrichs-Graham and Wilson, 2015; 

Proskovec et al., 2016, 2019a; Rottschy et al., 2012). Robust alpha/beta oscillations have 

consistently been shown in the occipital cortex during early encoding, with progression 

towards left frontotemporal cortices throughout later encoding and maintenance phases 

(Heinrichs-Graham and Wilson, 2015; Proskovec et al., 2016). These responses have often 
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been implicated in the active processing of visual and verbal stimuli, while activity in 

regions such as the dorsolateral prefrontal cortex (dlPFC) likely indicates the involvement 

of executive control in WM (Embury et al., 2019; Heinrichs-Graham and Wilson, 2015; 

Killanin et al., 2024; Proskovec et al., 2016, 2019a; Rottschy et al., 2012; Wianda and 

Ross, 2019). Concurrently, sustained alpha/beta oscillatory activity in the left parietal and 

temporal regions has been observed, which is thought to reflect internal rehearsal of verbal 

information (i.e., articulatory loop; Heinrichs-Graham and Wilson, 2015; Proskovec et al., 

2016, 2019a; Wianda and Ross, 2019; Wilson et al., 2005a, 2005b, 2007). Further, some 

studies have discerned alpha synchronizations in the parietal and occipital lobes during 

maintenance, suggesting that alpha activity in some brain regions may facilitate information 

processing through functional inhibition of incoming visual information (Jensen et al., 2002; 

Proskovec et al., 2019a; Wianda and Ross, 2019; Wilson et al., 2017). While verbal WM 

processing is largely left-lateralized across age groups, older adults typically show increased 

recruitment of right hemispheric prefrontal and temporal cortices, as well as stronger 

oscillatory activity in left hemispheric homologues (Proskovec et al., 2016; Springer et 

al., 2023a). Prior research on pediatric populations between 6 and 14 years old has found 

that some have increased recruitment of the occipitoparietal and cerebellar cortices, but this 

varies by age and sex, with older youth and females being more likely to display stronger 

alpha oscillatory activity during maintenance (Embury et al., 2019; Killanin et al., 2024). 

Other studies using the delayed match-to-sample (DMTS) task have found a similar increase 

in alpha/-beta oscillatory activity (i.e., decrease from baseline) in the occipital cortex during 

encoding that dissipates and later increases relative to baseline at the end of maintenance, 

but this has been shown to be more reduced in older youth and those diagnosed with ADHD 

(Arjona et al., 2023; Gómez et al., 2023; Lenartowicz et al., 2014, 2019).

Some have posited that WM maintenance operations are susceptible to interference, which 

can result in a failure to maintain attentional control, as suggested by dual-processing theory 

(Barrett et al., 2004; Hartshorne and Makovski, 2019). Specifically, dual-processing theory 

suggests that automatic processing occurs based on past experiences and that goal-directed 

attention allows for some control over the degree to which automatic processing influences 

thoughts, feelings, and behaviors (Barrett et al., 2004; Hartshorne and Makovski, 2019). 

Along those lines, Bonnefond and Jensen (2012) used magnetoencephalography (MEG) 

to examine the impact of strong versus weak distractors during the maintenance phase 

of a modified Sternberg WM task. Their analysis focused on posterior alpha responses, 

which revealed stronger alpha power when participants were anticipating the onset of 

strong compared to weak distractors, the strength of which correlated with reaction time 

(Bonnefond and Jensen, 2012). Additionally, they found stronger alpha phase locking prior 

to the onset of strong versus weak distractors (Bonnefond and Jensen, 2012). Zhou et 

al. (2023) similarly examined visuospatial WM with auditory and visual distractors to 

understand if distractor inhibition is modality specific. Their analyses focused on modality 

specific visual and auditory cortices and they found alpha differences during distractor 

presentation, with alpha desynchronizations in regions specific to the modality of distractor 

presentation (i.e., desynchronizations in auditory cortex during auditory distractors and 

visual cortex during visual distractors; Zhou et al., 2023). In addition, they observed 

stronger alpha responses during retrieval, which were also modality specific (Zhou et al., 
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2023). While these studies provided major advances in our understanding of the impact of 

distractors in the setting of verbal WM tasks, the impact of sustained distractor presentation 

at the whole-brain level remains to be determined, and this is especially true in regard to the 

neuronal dynamics supporting WM maintenance operations.

In the current study, we directly examined the impact of visual distractors on verbal 

WM processing by using both strongly- and weakly-distracting visual stimuli during the 

maintenance phase of a Sternberg type WM task. Specifically, healthy adults performed a 

verbal WM task comprised of high-distraction (letters) and low-distraction (pound signs) 

conditions while undergoing MEG. Consistent with previously described research, we 

expected robust alpha/beta oscillations during encoding in the occipital and parietal cortices, 

as well as alpha/beta oscillations during maintenance in the left prefrontal, temporal, and 

parietal regions. We hypothesized that alpha oscillations in the occipital, parietal, and 

prefrontal cortices would be stronger in the maintenance phase during the high-compared 

to low-distraction condition, indicating stronger recruitment of brain regions involved in 

actively maintaining task-relevant information while ignoring task-irrelevant distractors.

2. Methods

2.1. Participants

Forty-six healthy adults (Mage: 27.92, SDage: 4.14, rangeage: 19–35, Nfemale: 28) from the 

Omaha metropolitan area were enrolled in this study and fully completed the WM paradigm 

during MEG and underwent a structural MRI. Initial exclusionary criteria included any 

medical illness affecting central nervous system (CNS) function, neurological or psychiatric 

disorder, history of head trauma, current substance misuse, and presence of ferromagnetic 

implanted material. This study protocol was approved by the Boys Town National Research 

Hospital Institutional Review Board. Written and informed consent was obtained from all 

participants after a full description of the study was provided.

2.2. Experimental paradigm

Participants performed a visual Sternberg type WM task with distractors during MEG 

recording (Fig. 1a; Sternberg, 1966). Specifically, they were instructed to fixate on a 

crosshair presented in the center of the screen. Each trial began with the presentation of 

an empty 2-by-2 grid with a central fixation cross for 1500 (±350) ms. A grid containing 

four equally spaced and sized light gray letters was then presented for 1500 ms (encoding). 

Next, a grid containing four dark gray distractors was displayed for 2500 ms (maintenance). 

The distractors consisted of either four new letters (high-distraction condition) or four pound 

signs (low-distraction condition). Finally, a probe containing a single light gray letter was 

presented in the center of the grid for 1500 ms (retrieval). Participants were instructed to 

remember the light gray letters, ignore the distractors, and during retrieval, respond with a 

button press using their right hand to indicate whether the probe letter was included (index 

finger) or not included (middle finger) in the set of light gray letters. In 50% of trials, the 

probe letter matched one of the letters displayed during encoding. The high-distraction and 

low-distraction conditions were presented in a blocked design, with the order being fully 
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counterbalanced across all participants. Each trial lasted 7000 ms (±350), with a total of 128 

trials per condition, resulting in a total run time of approximately 30 min.

2.3. MEG data acquisition

MEG recordings took place in a two-layer VACOSHIELD magnetically-shielded room 

(Vacuumschmelze, Hanau, Germany). Participants were seated in a non-magnetic chair, 

with their head positioned within the sensor array. A 306-sensor MEGIN Neo MEG 

system (Helsinki, Finland) equipped with 204 planar gradiometers and 102 magnetometers 

was used to sample neuromagnetic responses continuously at 1 kHz with an acquisition 

bandwidth of 0.1 – 330 Hz. Participants were monitored by a real-time audio-video feed 

from inside the shielded room throughout MEG data acquisition. Data from each participant 

were individually corrected for head movement and noise reduced using the signal space 

separation method with a temporal extension (Taulu and Simola, 2006). For analyses of 

neural oscillatory responses, only gradiometer data were used (see Sections 2.5 and 2.6).

2.4. Structural MRI processing and MEG coregistration

Prior to MEG recording, five coils were attached to the participant’s head and localized, 

together with the three fiducial points (i.e., nasion, left and right preauriculars) and scalp 

surface, with a 3D digitizer (Fastrak; Polhemus Navigator Sciences, Colchester, VT). 

Once the participant was positioned for MEG recording, an electric current with a unique 

frequency label (e.g., 322 Hz) was fed to each of the coils. This induced a measurable 

magnetic field and allowed each coil to be localized in reference to the sensors throughout 

the recording session. Since coil locations were also known in head coordinates, all MEG 

measurements could be transformed into a common coordinate system. With this coordinate 

system, each participant’s movement-corrected MEG data were co-registered with their 

structural MRI data prior to source space analyses using BESA MRI (Version 3.0; BESA 

GmbH, Gräfelfing, Germany). All structural MRI data were acquired on a 3T Siemens 

Prisma magnet using a 32-channel head coil with the following parameters: TR: 2400 ms; 

TE: 2.05 ms; field of view: 256 mm; matrix: 256 × 256; slice thickness: 1 mm with no gap; 

voxel size: 1.0 × 1.0 × 1.0 mm; acquisition plane: sagittal; flip angle: 8°. These anatomical 

images were aligned parallel to the anterior and posterior commissures and transformed 

into standardized space. Following source analysis (i. e., beamforming), each participant’s 

4.0 × 4.0 × 4.0 mm MEG functional images were also transformed into standardized space 

using the transform that was previously applied to the structural MRI volume and spatially 

resampled.

2.5. MEG preprocessing, time frequency transformation, and sensor-level statistics

MEG preprocessing and imaging used the Brain Electrical Source Analysis (BESA V7.1) 

software. Cardiac and eye-blink artifacts were manually removed from the MEG data prior 

to statistical analysis using signal-space projection (SSP; Uusitalo and Ilmoniemi, 1997). 

The continuous magnetic time series was divided into epochs of 4000 ms with the onset 

of encoding stimulus grid defined as 0 ms and the baseline being defined as −550 to −50 

ms prior to stimulus onset. Epochs containing artifacts were rejected based on individual 

amplitude and gradient thresholds. The average amplitude threshold was 1089.55 (SD = 

313.38) fT/cm and the average gradient threshold was 382.82 (SD = 229.62) fT/(cm*ms) 
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across all participants and conditions. Only trials where participants responded correctly 

were used for analysis. On average, 91 (SD = 13.16) out of 128 high-distraction and 88 (SD 
= 14.20) out of 128 low-distraction trials remained after artifact rejection and were used in 

subsequent analyses. Importantly, the number of trials did not significantly differ between 

the high- and low-distraction conditions (p = .27).

Artifact-free epochs were transformed into the time-frequency domain using complex 

demodulation for frequencies from 2–30 Hz with a resolution of 1 Hz and 50 ms, and for 

frequencies from 30–90 Hz with a resolution of 2 Hz and 25 ms (Kovach and Gander, 2016). 

These two frequency ranges were transformed separately due to computational limitations 

and using different resolutions to most appropriately resolve neural responses in each 

frequency range. The resulting spectral power estimations per sensor were then averaged 

over trials to generate time-frequency plots of mean spectral density. These sensor-level data 

were normalized per time-frequency bin using the respective bin’s baseline power, which 

was calculated as the mean power during the −550 ms to −50 ms time period.

The specific time-frequency windows used for imaging were determined by statistical 

analysis of the sensor-level spectrograms across all participants, trials, and conditions, 

restricted to the entire array of gradiometers. To reduce the risk of false positive results while 

maintaining reasonable sensitivity, a two-stage procedure was followed to control for Type 

I error. In the first stage, paired-samples t-tests against baseline were conducted on each 

data point and the output spectrogram of t-values was thresholded at p < .05 to define time-

frequency bins containing potentially significant oscillatory deviations relative to baseline 

across all participants and conditions. In stage two, time-frequency bins that survived the 

threshold were clustered with temporally, spectrally, and/or spatially neighboring bins with 

t-values that were also above the (p < .05) threshold, and a cluster value was derived by 

summing all the t-values of all data points in the cluster. Nonparametric permutation testing 

was then used to derive a distribution of cluster-values, and the significance level of the 

observed clusters (from stage 1) were tested directly using this distribution (Ernst, 2004; 

Maris and Oostenveld, 2007). For each comparison, 5000 permutations were computed to 

build a distribution of cluster values. Based on these analyses, only the time-frequency 

windows that contained significant oscillatory events across all trials were subjected to 

imaging, and these source images were then used to test our hypothesized effects. For a 

complete description of this methodological approach, see Wiesman and Wilson (2020).

2.6. MEG source imaging and statistics

Cortical responses were imaged through a time-frequency-resolved extension of the linearly 

constrained minimum variance (LCMV) beamformer (Van Veen et al., 1997; Gross et 

al., 2001), which applies spatial filters to time-frequency sensor data to calculate voxel-

wise source power for the entire brain volume. The single images are derived from the 

cross-spectral densities of all combinations of MEG gradiometers averaged over the time-

frequency range of interest, and the solution of the forward problem for each location on a 

grid specified by input voxel space. Such images are typically referred to as pseudo-t maps, 

with units (pseudo-t) that reflect noise-normalized power differences (i.e., active vs. passive) 

per voxel. Following convention, we computed noise-normalized, source power per voxel 
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over the entire brain volume in each participant using active (i.e., task) and passive (i. e., 

baseline) periods of equal duration and bandwidth (Hillebrand et al., 2005) that were based 

on the statistically determined time-frequency windows from the sensor level analyses. 

The resulting 3D maps were 4.0 × 4.0 × 4.0 mm resolution and were averaged across all 

participants and both conditions to assess the anatomical basis of the significant oscillatory 

responses identified through the sensor-level analysis.

2.7. Statistical analyses

To identify the neuroanatomical basis of distraction inhibition, we performed whole-brain 

paired-samples t-tests (i.e., high-distraction vs. low-distraction) on the beamformer maps per 

oscillatory response. To correct for multiple comparisons, the resulting images underwent 

nonparametric permutation testing using a cluster-based permutation method similar to that 

performed on the sensor-level spectrograms (see Section 2.5), with 5000 permutations per 

comparison (initial clustering alpha threshold of p < .005). On the resulting images, we 

employed an alpha threshold of p < .005, corrected.

3. Results

3.1. Behavioral analysis

Of the 46 enrollees, seven participants were excluded due to low accuracy (n = 3), technical 

difficulties (n = 1), and excessive artifacts in their MEG data (n = 3). The remaining 39 

participants (Mage: 28.15, SDage: 3.93, rangeage: 19–35, Nfemale: 23) were included in the 

final analyses. These participants performed well on the WM task, responding accurately 

to 93.48% (SD = 5.42%; Fig. 1b) of all trials, with no significant difference in accuracy 

between high-distraction and low-distraction trials (t(38) = 1.42, p = .16). Likewise, reaction 

time did not differ between the high-distraction (M = 784.71 ms, SD = 116.85 ms) and 

low-distraction (M = 783.80 ms, SD = 128.61 ms) conditions (t (38) = 0.13 ms, p = .90; Fig. 

1b).

3.2. Sensor-level analysis

Statistical analysis of sensor-level time-frequency spectrograms, irrespective of condition, 

revealed significant clusters of theta, alpha, and beta band oscillatory activity (Fig. 2; 

p < .001 corrected). Specifically, theta (3–6 Hz) activity strongly increased relative to 

baseline immediately following the onset of the encoding grid (i.e., 0 ms) and was sustained 

throughout encoding and maintenance phases (i.e., 0–4000 ms). Alpha (8–14 Hz) and beta 

(14–23 Hz) activity strongly decreased relative to baseline shortly after encoding grid onset 

and continued throughout the encoding and maintenance phases (i.e., 100–3900 ms) in 

sensors over the left temporal cortex. Additionally, during the maintenance phase, there 

was a strong early increase in beta activity lasting approximately 500 ms (βposterior: 12–

18 Hz; 2100–2600 ms). Again, all of these clusters were significant after nonparametric 

permutation tests (i.e., p < .001, corrected; Fig. 2). Consistent with previous literature, there 

was also an increase in alpha power during the maintenance phase, however, this sustained 

response did not reach statistical significance (Figure S1). Nonetheless, the time-frequency 

extent of this response overlapped with the significant alpha decrease observed else-where 

and thus these time-frequency windows were imaged using a whole-brain beamforming 
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approach. Although our time-frequency spectrograms extended to 90 Hz, there were no 

significant windows in the gamma range after permutation testing, thus gamma oscillations 

were not examined in our beamforming analysis as we relied on a data-driven approach.

3.3. Beamformer analysis

To determine the neural regions involved in verbal WM, the sensor-level time-frequency 

bins described in 3.2 were imaged using a time-frequency-resolved beamformer and the 

resulting whole-brain maps per neural oscillatory response were averaged across both 

conditions and all participants (Fig. 3). For the sustained oscillatory responses in theta, we 

imaged the time windows in non-overlapping 500 ms intervals. Theta (3–6 Hz) oscillatory 

responses were centered in the visual cortex and largely sustained in this area during 

encoding and maintenance (Figure S2). For the sustained oscillatory responses in alpha and 

beta, we imaged the time windows in non-overlapping 350 ms intervals during encoding 

and the early maintenance period, and 450 ms intervals during maintenance. Alpha (8–14 

Hz) oscillatory responses (i.e., decreases relative to the baseline) emerged in the visual 

cortex during early encoding and gradually progressed to left temporoparietal and frontal 

cortices during the encoding and maintenance phases (Fig. 3). Finally, beta (βfull: 14–23 Hz) 

oscillatory responses displayed a similar progression with an additional strong increase in 

power at the onset of the maintenance phase (Fig. 3).

3.4. Condition differences on oscillatory responses

To examine the effects of distraction condition on the neural responses serving WM, 

the sustained neural responses were averaged across the following time windows per 

participant to isolate encoding and maintenance operations (theta encoding: 0–1500 ms; 

alpha encoding: 100–1500 ms; beta encoding [βfull: 14–23 Hz]: 100–1500 ms; theta 

maintenance: 2000–4000 ms; alpha maintenance: 2100–3900 ms; and beta maintenance 

[βfull: 14–23 Hz]: 2100–3900 ms). Separate whole-brain paired t-tests were then performed 

for each of these neural responses, as well as those that were less sustained (theta 

early maintenance: 1500 – 2000 ms; alpha early maintenance: 1500–1850 ms; beta early 

maintenance [βfull: 14–23 Hz]: 1500–1850; and posterior beta maintenance [βposterior: 12–18 

Hz]: 2100–2600 ms) described above. No significant conditional differences were found 

for neural responses in the theta band (encoding, early maintenance, and maintenance), the 

alpha band during encoding and early maintenance, nor the beta band during encoding and 

posterior maintenance. Beta band neural responses during early maintenance (βfull: 14–23 

Hz; 1500–1850 ms) showed significant conditional differences in the right inferior frontal 

gyrus (IFG) and left dorsolateral prefrontal cortex (dlPFC), such that there was stronger beta 

oscillatory activity (i.e., more negative relative to base-line) during the high- compared to 

low-distraction condition (Fig. 4; p < .005, corrected). During the sustained maintenance 

responses, there were significant conditional differences in alpha oscillatory activity (8–14 

Hz; 2100–3900 ms) in the right middle frontal gyrus (MFG; Fig. 5; p < .005, corrected), and 

in beta oscillatory activity (βfull: 14–23 Hz; 2100–3900 ms) in the right anterior prefrontal 

cortex (PFC; Fig. 5; p < .005, corrected). In both cases, the high-distraction condition was 

associated with stronger alpha (right MFG) and beta (anterior PFC) oscillations compared to 

the low distraction condition (i.e., more negative relative to baseline in the high-distraction 

condition).
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3. Discussion

In the current study, we investigated the oscillatory dynamics supporting WM encoding and 

maintenance in healthy adults using a Sternberg type WM task with high- and low-level 

distractors. Slightly after the presentation of the encoding grid, we observed a sustained 

decrease in both alpha (8–14 Hz) and beta (βfull; 14–23 Hz) power relative to baseline 

across both conditions. These sustained decreases in alpha and beta began bilaterally in 

the occipital cortex and spread anterior along the left hemisphere to the temporoparietal 

and frontal cortices before dissipating in the latter half of maintenance. In addition, 

we found a sustained increase in theta (3–6 Hz) power throughout the encoding and 

maintenance periods, while beta power increased briefly relative to baseline during early 

maintenance (βposterior; 12–18 Hz). While we did not observe conditional differences in 

accuracy or reaction time, we identified a series of oscillatory differences (i.e., high vs. 

low distractors) in brain regions critical for WM processing. Whole-brain paired t-tests 

revealed stronger alpha and beta oscillatory activity (i.e., more negative relative to baseline) 

during the high- relative to the low-distraction condition in right prefrontal regions during 

the maintenance period. Specifically, beta oscillations in the left dlPFC and right IFG 

during early maintenance were stronger in the high-distraction relative to the low-distraction 

condition. Similarly, during the sustained maintenance response, alpha oscillations in the 

right MFG and beta oscillations in the right anterior PFC were stronger (i.e., more negative 

relative to baseline) during the high-distraction relative to the low-distraction condition. 

These findings support prior research showing sustained decreases relative to baseline in 

alpha and beta activity following the onset of visual and verbal stimuli in both MEG and 

EEG and reinforces the view that WM processes are supported by complex widespread 

temporal dynamics (Gómez et al., 2024; Heinrichs-Graham and Wilson, 2015; Proskovec 

et al., 2016, 2019a). Conversely, our findings did not support previous work indicating that 

posterior alpha oscillations were modulated by distractor condition or that distractor load 

impacted reaction time (Bonnefond and Jensen, 2012). Below, we discuss the implications 

of these findings for understanding the impact of distractors on the neural oscillations 

serving verbal WM.

Our overarching finding is that bilateral regions of the PFC are critical to suppressing 

distractors in the context of WM processing. The PFC is known to receive inputs from 

cortical and subcortical structures and to communicate this information within the PFC 

and to external regions (Miller and Cohen, 2001). Like controlled attention, this top-down 

processing is thought to mitigate the effects of interference by distractors and is influenced 

by WM capacity (Barrett et al., 2004; Miller and Cohen, 2001). Indeed, individuals with 

high WM capacity are better able to inhibit task-irrelevant information and have greater 

activation changes in the PFC when completing a WM task, suggesting that the PFC 

is centrally involved in maintaining WM representations and inhibiting task-irrelevant 

information (Hu et al., 2019; Mecklinger et al., 2003; Sakai et al., 2002; Wager et al., 

2014), which is fully consistent with our current findings. Additionally, Wager et al. (2014) 

found that specific regions of the frontal and prefrontal cortices predicted verbal WM 

task performance in the context of distractors, no-distractors, or both conditions, with both 

dorsolateral and ventrolateral prefrontal cortices having subregions that predicted only no-
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distractor or both conditions. Our results implicate beta activity in the right anterior PFC 

and left dlPFC in functional inhibition of distractors, which corroborates previous findings 

regarding the role of the PFC in WM and distractor inhibition.

In addition to the PFC, the IFG and MFG have been implicated in inhibitory control, 

reactive processes, and attention reorienting (Corbetta et al., 2008; Gavazzi et al., 2021). The 

IFG and PFC are considered part of the ventral attention network (VAN) and are thought 

to be activated alongside the dorsal attention network (DAN) when attention reorienting is 

necessary (Corbetta et al., 2008). Specifically, the VAN is composed of a right-lateralized 

network including the temporoparietal junction (TPJ), IFG, and MFG (Corbetta et al., 

2008; Doricchi et al., 2010). Contrary to the TPJ, which is typically involved in attention 

regardless of predictability, the IFG and MFG are more active when something unexpected 

occurs and attention reorienting is necessary (Doricchi et al., 2010; Shulman et al., 2009). 

Further, the right MFG is a functional hub for attentional control that is activated when 

viewing distractors, especially incongruent distractors, and may be implicated in reactive 

control and inhibition of distractors during cognitive as well as motor tasks (Corbetta et 

al., 2008; Marini et al., 2016). Thus, the right MFG is thought to play a critical role in 

distractor-filtering during attentional control tasks (Marini et al., 2016). In the current study, 

we indeed see stronger alpha/beta oscillatory activity in the right MFG and IFG during the 

high- compared to low-distraction condition, supporting the idea that the VAN suppresses 

distracting information and allows attention to be redirected. Our results also extend these 

findings by providing insight on the key spectral windows for these neural responses.

Importantly, high- compared to low-distraction elicited stronger alpha (8–14 Hz) oscillatory 

activity (i.e., more negative relative to baseline) during maintenance and stronger beta (βfull; 

14–23 Hz) oscillations during both the early and extended maintenance periods in prefrontal 

regions, including the right MFG, right anterior PFC, right IFG, and left dlPFC. These 

results underscore the importance of alpha/beta activity in inhibiting distracting information 

and support prior research on the role of alpha in functional inhibition (Bonnefond and 

Jensen, 2012; Jensen and Mazaheri, 2010; Roux and Uhlhaas, 2014; Zhou et al., 2023). 

For example, EEG work using a DMTS spatial working memory task has showed weaker 

decreases in alpha power during encoding in children with ADHD compared to typically 

developing youth, across low and high load trials (Lenartowicz et al., 2014, 2019). Such 

reduced alpha responses also correlated with ADHD symptomatology, as well as reading 

comprehension and executive function scores, all of which corroborate the theory that 

alpha/beta activity during the encoding window is critical for attentional control and 

functional inhibition (Lenartowicz et al., 2014, 2019). Specifically, our results support prior 

research which showed that alpha oscillations vary based on the strength of the distracting 

information (Bonnefond and Jensen, 2012). However, contrary to these findings, we did 

not observe differences in alpha oscillatory activity in the occipitotemporal area; rather, our 

results were limited to prefrontal regions. Note that this difference was not due to the fact 

that the posterior alpha increase did not reach significance in our sensor level statistical 

analysis, as the band surrounding the response was imaged at the whole-brain anyway due 

to the strength of the alpha decrease at the same time in temporal cortices. It is possible that 

this is due to differences in sample demographics, as studies investigating aging have shown 

that posterior alpha activity during maintenance varies with age (Proskovec et al., 2016). 
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While the mean age of our sample was similar to that of Bonnefond and Jensen (2012), the 

two samples differed in other important ways, including the final sample of the current study 

being twice as large and near equally split by sex, while that of Bonnefond and Jensen was 

about 90% female. Future studies should examine whether the strength of such posterior 

alpha responses is affected by sex differences and/or probe possible interactions with aging.

In contrast to alpha, far fewer studies have discussed the role of beta oscillatory activity 

in WM. Previous research has identified age- and load-related differences in WM in a 

frequency range between 9–16 Hz, inclusive of both alpha and beta oscillatory activity 

(Proskovec et al., 2016, 2019a). Additionally, visuospatial WM tasks are known to involve 

both beta and gamma oscillatory activity, with beta occurring in ventral areas related to 

color processing and in visual areas related to location processing (Honkanen et al., 2015; 

Proskovec et al., 2018). This suggests that beta oscillations may play a role in feature-

specific WM maintenance, which may explain why prior research has been mixed in regards 

to the role of beta oscillatory activity in WM. Recent work has also linked beta oscillations 

to the inhibition of a variety of higher order processes (Castiglione et al., 2019; Pavlov and 

Kotchoubey, 2021; Schmidt et al., 2019; Wagner et al., 2018; Zavala et al., 2017; 2018). 

For example, studies have shown that halting retrieval in think/no-think tasks is associated 

with right frontal beta activity, especially when an individual successfully halts retrieval 

(Castiglione et al., 2019). Similarly, beta oscillations (i.e., decreases relative to baseline) in 

the medial PFC have been shown during go/no-go tasks when a conflict is displayed (e.g., 

a red arrow pointing right and participants must respond by pressing the left button) and 

the individual is successful in adapting their response (Zavala et al., 2018). Finally, a recent 

study showed that beta oscillations are stronger when manipulating a memory is required 

over just maintaining it (Pavlov and Kotchoubey, 2021). These findings, in addition to the 

results of the current study, suggest that beta oscillatory activity in the PFC is involved in 

many higher order cognitive processes including WM, controlled attention, and cognitive 

control (Lundqvist et al., 2024; Zavala et al., 2018).

Although we had many statistically significant alpha and beta findings, this was not the case 

for theta activity. While theta (3–6 Hz) activity increased for a sustained period throughout 

encoding and maintenance, no differences were identified between task conditions at the 

source level. Current literature in WM is mixed in regards to theta, with many studies 

reporting significant theta oscillatory activity (Brookes et al., 2011; Jensen and Tesche, 

2002; McDermott, et al., 2016a; Onton et al., 2005; Proskovec et al., 2019a), while others do 

not despite using similar or identical tasks (Embury et al., 2018; McDermott et al., 2016b; 

Proskovec et al., 2016; Wiesman et al., 2016). Additionally, theta has not previously been 

found to differ in tasks that use distractor presentation and thus when observed may be 

related to the encoding and maintenance of WM, but not to functional inhibition (Roux and 

Uhlhaas, 2014). Together, these mixed results necessitate further investigation of the role of 

theta in WM processes and functional inhibition.

While it was not the focus of our study, it should be noted that we found no differences in 

accuracy or reaction time between conditions. Similarly, Bonnefond and Jensen (2012) did 

not observe conditional differences in accuracy, however they found a difference in reaction 

time. These results may differ due to having a larger sample with different demographics, 
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though they may also be attributed to differences in task design. Bonnefond and Jensen 

(2012) showed a series of single letters and symbols one after the other, while our task 

displayed sets of 4 letters/symbols. It may be the case that less WM capacity was required 

to maintain this information, and thus this task may not elicit some of the same behavioral 

differences found in other WM studies.

Although this study contributes much to our understanding of the neurophysiological 

responses underlying WM in healthy adults, it is not without limitations. First, due to 

our use of a blocked design, the type of distractor was predictable and thus our results 

may not generalize to task designs that use unpredictable distractors. Second, some may 

consider this to be a short-term visual memory task as opposed to a traditional WM 

task requiring cognitive operations or manipulation of the stimulus set. Although the task 

requires participants to maintain task-relevant information while actively inhibiting visual 

distractors, which seemingly qualifies as a WM paradigm, and our neural results concur 

with prior literature on WM, we believe it is important to acknowledge this distinction as 

a potential limitation. Third, as is true of many forms of time-frequency transformation, 

it is possible that a spread of power, especially in lower frequencies, from early stimulus 

processing to our baseline could have biased these results. However, this would bias against 

finding significant task-related neural activity in the lower frequency bands (i.e., theta) and 

we did indeed identify responses in this band. Further, since our contrast of interest was 

the conditional comparison, and both conditions would be biased equally in this sense, this 

would not impact conditional differences presented here. Fourth, we focused on the impact 

of distractor type on verbal WM processing and our results should not be generalized to 

spatial WM processing, as the key oscillatory responses differ considerably (Proskovec et 

al., 2018, 2019b). Future work should examine the impact of distractor type on spatial 

WM specifically. Finally, our sample was comprised of healthy young adults between the 

ages of 19 and 35 and future work should examine aging and groups with neurological 

and/or psychiatric disorders, as it is possible that those with WM deficits could be much 

more susceptible to distractors (Arif et al., 2024; Embury et al., 2023; Killanin et al., 2022; 

Springer et al., 2023b). Thus, although the current study contributes substantially to our 

understanding of WM processes in the healthy brain, much work remains to fully understand 

how distractors can influence WM processing.

In conclusion, the present study utilized advanced MEG imaging of neural oscillatory 

activity to examine the impact of visual distractors on verbal WM processing. Novel 

aspects of the study included using a sustained distractor presentation approach and data-

driven whole-brain analyses. Our key results indicated that alpha/beta oscillatory activity 

plays a major role in the inhibition of distracting information during WM maintenance. 

These findings uphold and extend prior research and provide valuable new insight into the 

neurophysiological processes underlying functional inhibition and cognitive control during 

verbal WM processing in healthy young adults.
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Fig. 1. Verbal Working Memory Paradigm and Behavior.
A) Each trial started with an empty 2-by-2 grid with a central fixation cross for 1500 (± 350) 

ms followed by the appearance of four letters within the grid for 1500 ms (encoding), which 

were replaced by four distractors in the form of either letters (high-distraction) or pound 

signs (low-distraction) for 2500 ms (maintenance). Finally, a probe letter in the center of 

the grid appeared for 1500 ms (retrieval) and participants were instructed to respond with a 

button press as to whether the probe letter was present or absent in the initial encoding set 

of four letters. B) Reaction time (left) and accuracy (right) did not statistically differ between 

conditions.
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Fig. 2. Sensor-level analysis of oscillatory responses.
MEG time-frequency spectrograms with time (ms) on the x-axis and frequency (Hz) on 

the y-axis. The onset of the encoding grid occurred at 0 ms. Power is shown in percent 

change units relative to the baseline period (−550 to −50 ms). Data has been averaged across 

all trials and all participants in both the high-distraction and low-distraction conditions. 

Top panel: Sustained decreases in the alpha (8–14 Hz) and beta (βfull: 14–23 Hz) spectral 

bands were observed near left frontal and temporal sensors. Bottom panel: Increases in the 

theta (3–6 Hz) and posterior beta (βposterior: 12–18 Hz) range were observed in sensors 

near the occipital cortex. White boxes denote the time-frequency windows used for source-

space analyses. These time-frequency windows were statistically significant (p < .001, 

corrected) in the sensor level analyses. Right: 2D topographical maps were computed for 

each oscillatory response window. Note that these have been averaged across time windows 

comprising the extended encoding and maintenance responses in alpha, beta, and theta. The 

white circles mark the location of the sensors displayed in each spectrogram.
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Fig. 3. Left hemispheric alpha and beta oscillatory dynamics progressed anteriorly during 
encoding and maintenance time windows.
Beamformer images (pseudo-t) averaged across high-distraction and low-distraction 

conditions and all participants are displayed per time bin spanning the encoding (100–1500 

ms; green labels), early maintenance (1500–1850 ms; white labels), and maintenance (2100–

3900 ms; purple labels) phases. Top: There was a sustained decrease in alpha (8–14 Hz) 

power relative to baseline in the left posterior occipital cortices during the early encoding 

phase, which spread anterior towards the left parietal, temporal, and frontal cortices during 

the second half of encoding and early maintenance period. Bottom: There was also a 

sustained decrease in beta (βfull: 14–23 Hz) power in the left occipital and inferior parietal 

cortices during early encoding and this extended towards more anterior and superior parietal, 

temporal, and frontal cortices during the second half of encoding and maintenance period 

with a brief increase in beta relative to baseline in the occipital cortex from 2100–2550 ms.
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Fig. 4. Conditional differences in beta activity during the early maintenance period.
Whole-brain paired t-tests revealed significant differences in beta power during the early 

maintenance (1500–1850 ms) window, such that there were stronger beta oscillations (i.e., 

greater decreases in power relative to baseline) in the high-relative to the low-distraction 

condition in the left dorsolateral prefrontal cortex (dlPFC; p < .005, corrected) and right 

inferior frontal gyrus (IFG; p < .005, corrected). Violin plots show the distribution of the 

amplitude at the peak voxel of the significant cluster on the y-axis, with condition plotted 

on the x-axis. Within each violin, box plots show the median value of the amplitude with 

vertical lines representing values below the 25th percentile or above the 75th percentile.
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Fig. 5. Conditional differences in sustained alpha and beta activity during maintenance.
Whole-brain paired t-tests revealed significant differences in alpha and beta power during 

maintenance (2100–3900 ms), such that there were stronger oscillations (i.e., greater 

decreases in power relative to baseline) in the high-distraction relative to the low-distraction 

condition. Left: Differences in alpha (8–14 Hz) activity were found in the right middle 

frontal gyrus (MFG; p < .005, corrected). Right: Differences in beta (βfull: 14–23 Hz) 

activity were found in the right anterior prefrontal cortex (PFC; p < .005, corrected). Violin 

plots show the distribution of the amplitude at the peak voxel of the significant cluster on the 

y-axis, with condition plotted on the x-axis. Within each violin, box plots show the median 

value of the amplitude with vertical lines representing values below the 25th percentile or 

above the 75th percentile.
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