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a b s t r a c t 

Visual working memory representations must be protected from the intervening irrelevant visual input. While it 
is well known that interference resistance is most challenging when distractors match the prioritised mnemonic 
information, its neural mechanisms remain poorly understood. Here, we identify two top-down attentional control 
processes that have opposing effects on distractor resistance. We reveal an early selection negativity in the EEG 

responses to matching as compared to non-matching distractors, the magnitude of which is negatively associated 
with behavioural distractor resistance. Additionally, matching distractors lead to reduced post-stimulus alpha 
power as well as increased fMRI responses in the object-selective visual cortical areas and the inferior frontal 
gyrus. However, the congruency effect found on the post-stimulus periodic alpha power and the inferior frontal 
gyrus fMRI responses show a positive association with distractor resistance. These findings suggest that distractor 
interference is enhanced by proactive memory content-guided selection processes and diminished by reactive 
allocation of top-down attentional resources to protect memorandum representations within visual cortical areas 
retaining the most selective mnemonic code. 
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. Introduction 

Protection of visual working memory (WM) representations from the
nterference posed by the incoming task-irrelevant visual input is crit-
cally important for efficient WM under real-life conditions. Distractor
nterference resistance has shown to be particularly challenging when
rrelevant distractors match the WM content and there is a substantial
verlap in their neural representations ( Clapp et al., 2010 ; Dolcos et al.,
007 ; Sreenivasan and Jha, 2007 ; Yoon et al., 2006 ). In spite of the
xtensive previous research effort, the neural processes underlying the
itigation of the interference caused by external delay distractors are
oorly understood. Traditionally, it was assumed that distractor resis-
ance might be accomplished by the same top-down attentional se-
ection processes that are active during visual perception ( Awh and
onides, 2001 ; Chun et al., 2011 ; Clapp et al., 2010 ; Desimone and
uncan, 1995 ; Dolcos et al., 2007 ; Gazzaley, 2011 ; Gazzaley and No-
re, 2012 ; Kiyonaga and Egner, 2013 ; Sreenivasan and Jha, 2007 ;
oon et al., 2006 ). According to the biased competition model of atten-
ional control ( Desimone and Duncan, 1995 ), allocation of feedback at-
entional resources is implemented via attentional templates maintained
n WM. The WM-content-based attentional templates are facilitative
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 Desimone and Duncan, 1995 ; Egner and Hirsch, 2005 ; Nelissen et al.,
013 ) and lead to enhanced visual cortical processing of task-relevant
nformation, which in turn will bias the inherent competitive interac-
ions between the processing of concurrent visual inputs, resulting in
iminished representation of task-irrelevant, distracting information. In
ine with this, research using the retro-cueing paradigm ( Griffin and
obre, 2003 ; Landman et al., 2003 ) provided evidence that attentional

emplates can be directed towards specific visual feature and object rep-
esentations stored in WM resulting in increased WM performance (for
eview see Souza and Oberauer, 2016 ). It has also been shown that atten-
ional selection of mnemonic information leads to enhanced WM delay
eural activity within the visual cortical areas involved in the processing
f the selected features during perception ( Gazzaley, 2011 ; Lepsien and
obre, 2007 ; Myers et al., 2017 ; Nelissen et al., 2013 ; Sligte et al., 2009 )
nd that the source of this top-down control signal lies in the ventro-
ateral prefrontal cortex ( Lepsien and Nobre, 2007 ; Myers et al., 2017 ;
ee and Jonides, 2009 ). 

However, whether and how top-down attentional processes of pri-
ritisation of WM representations might contribute to interference re-
istance in the case of external distractors, remain unresolved ques-
ions. Previous research failed to provide support for the existence of
tober 2021 
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roactive negative attentional templates inhibiting the visual cortical
rocessing of delay distractors (for recent reviews see Chelazzi et al.,
019 ; de Vries et al., 2020 ; Noonan et al., 2018 ), which is in agree-
ent with the facilitative nature of attentional templates ( Desimone and
uncan, 1995 ; Egner and Hirsch, 2005 ; Nelissen et al., 2013 ). In

ine with this, recent human neuroimaging results ( Rademaker et al.,
019 ) showed that feedback-based WM-content-related and bottom-up
istractor-related information are simultaneously represented in the vi-
ual cortex. Furthermore, several previous studies found that mnemonic
ontent automatically guides attention to a matching item in an unre-
ated visual search task performed during the WM maintenance period
 Olivers et al., 2011 , 2006 ; Soto et al., 2008 ) as well as enhanced visual
ortical functional magnetic resonance imaging (fMRI) responses for de-
ay distractors when they match the WM content as compared to when
hey differ from it ( Dolcos et al., 2007 ; Gayet et al., 2017 ; Jha et al.,
004 ; Yoon et al., 2006 ). Taken together, these findings raise the hy-
othesis that processing of distractor objects matching the WM content
ill be affected by two different top-down attentional mechanisms: 1.
M-content-guided proactive attentional selection processes that will

utomatically enhance early distractor processing and diminish distrac-
or resistance; 2. Reactive allocation of top-down attentional resources
o protect WM content within visual cortical areas retaining the most
elective memorandum representation and thus foster distractor resis-
ance. 

We addressed this hypothesis by investigating the neural responses
o face distractors presented during the WM maintenance of unfamiliar
ace identity or grating orientation information. In congruent and incon-
ruent conditions the face distractors were matching to or differing from
he memorandum category, respectively, allowing us to test congruency
ffects. Sample stimuli involved superimposed face and grating object
mages. Retro-cueing ( Griffin and Nobre, 2003 ; Landman et al., 2003 ;
ouza and Oberauer, 2016 ) was used to indicate whether face identity
r grating orientation information had to be compared with the probe
timulus on a given trial. Because of this, encoding of the sample stim-
li did not differ between the face identity and grating orientation WM
onditions, ensuring that the modulation of delay distractor processing
riginates from top-down attentional control processes. All stimuli were
isplayed at the centre of fixation to avoid spatial attention-based selec-
ion. 

We expected to find WM-content-guided attentional modulation of
istractor-evoked electroencephalogram (EEG) responses depending on
istractor congruency, as reflected in the presence of selection nega-
ivity (SN) – a well-characterised marker of proactive attentional se-
ection of nonspatial visual features and shapes ( Hillyard and Anllo-
ento, 1998 ; Keil and Müller, 2010 ; Kenemans et al., 1993 ; Previc and
arter, 1982 ; Smid et al., 1999 ) – in the case of congruent as com-
ared to incongruent distractors. To provide support for the involve-
ent of reactive top-down attentional selection processes in the protec-

ion of task-relevant memorandum representations, we measured con-
ruency effects on post-stimulus EEG alpha power reflecting alloca-
ion of feedback attentional resources to visual information process-
ng within the visual cortex ( Grill-Spector et al., 2017 ; Stigliani et al.,
019 ; Weiner et al., 2010 ) as well as on distractor-related visual cor-
ical and prefrontal fMRI responses. Our fMRI analysis was focused
n the face-selective visual cortical areas ( Duchaine and Yovel, 2015 ;
reiwald et al., 2016 ; Grill-Spector et al., 2017 ) – the occipital face area
OFA) and the two subregions of the fusiform face area (FFA), namely
he pFus ‐faces/FFA ‐1 and the mFus ‐faces/FFA ‐2 – as well as on the ven-
rolateral prefrontal cortex (vlPFC), in particular the pars triangularis of
he inferior frontal gyrus (PT-IFG), considered to be the source of top-
own attentional selection between WM memorandum representations
 Dolcos et al., 2007 ; Jha et al., 2004 ; Lepsien and Nobre, 2007 ; Nee et al.,
013 ; Nee and Jonides, 2009 ). Importantly, we also predicted that the
articipants’ behavioural distractor resistance measured on WM perfor-
ance would be negatively associated with SN and positively associated
ith the strength of post-stimulus alpha power and fMRI congruency
2 
ffects driven by the proactive and reactive attentional selection pro-
esses, respectively. The results obtained in the present study provide
xperimental support for our predictions by revealing: 1. SN in congru-
nt as compared to incongruent face-distractor-related EEG responses,
he magnitude of which showing a negative association with the partic-
pants’ behavioural distractor resistance; 2. Significant face-distractor-
elated congruency effects on the post-stimulus alpha power as well as
n the mFus ‐faces/FFA ‐2 and the PT-IFG fMRI responses. Importantly,
he strength of congruency effects on both post-stimulus periodic alpha
ower and PT-IFG activation show a positive correlation with the par-
icipants’ behavioural distractor resistance. 

. Material and methods 

.1. Participants 

The study included the same 36 participants in the EEG and fMRI ex-
eriments. We planned to conduct the fMRI experiment before the EEG
xperiment due to the relatively high dropout rate common in fMRI
tudies. In the case of 25 participants the fMRI experiment was per-
ormed first, while in the case of 11 participants the fMRI experiment
as performed after the EEG experiment because of delays in MRI scan-
er availability. We excluded 2 participants from further analysis due
o poor task performance and one participant with incomplete data ac-
uisition resulting in a sample size of N = 33 (age range: 18–26 years;
ge mean ± standard deviation (SD): 21.4 ± 1.9 years; 20 female). Each
articipant was right-handed and had normal or corrected-to-normal vi-
ion including intact colour-vision, with no reported history of neurolog-
cal or psychiatric diseases. All participants provided written, informed
onsent before participation and were financially compensated for their
ime. The research was approved by the National Institute of Pharmacy
nd Nutrition (file number: OGYÉI/70,184/2017). Participants’ data ob-
ained separately in the orientation delayed-estimation task (see later)
as reported in our previous paper ( Manga et al., 2020 ) as part of a

arger sample. 

.2. EEG experiment 

.2.1. Stimuli and procedure 

During the EEG experiment, participants performed a retro-cued
ternberg WM task with faces and simple grating patterns, with dis-
racting face stimuli appearing in the delay period ( Fig. 1 ). Experimen-
al sessions started with a short verbal briefing followed by 1–4 training
locks, each consisting of 32 distractor-free trials and lasting 5–10 min.
he training phase was concluded when the participant performed at

east at 70%, which was checked after each block. The time needed for
his varied across participants, partly due to prior experience with sim-
lar tasks. The EEG cap was applied at this point, and the main phase
f the experiment was started. The EEG recording lasted approximately
0–120 min, an entire experimental session took 3–3.5 h. Participants
ere seated 56 cm from an LCD display (1920 × 1200 pixels resolution,
5 cm wide, 60 Hz refresh rate), with their head positioned using the
hin rest of the eye tracker. Participants’ fixation was monitored online
nd their gaze position was recorded (SMI Hi-Speed and SMI iView X
.4 software, Sensomotoric Instruments, Teltow, Germany). A blue fix-
tion disc (d = 0.4°) was always present at the centre of the screen, the
ackground was mid-grey. All trials started with two sample stimuli,
ach lasting 800 ms, with an interstimulus interval (ISI) of 200 ms in
etween. Sample stimuli were compound face-grating stimuli; linearly
lended (with equal weights) contrast and luminance-equated images
f faces and simple sinusoid grating patterns (see details below). The
econd sample was followed by an 800 ms blank period, after which a
ymbolic retro-cue appeared for 500 ms, which indicated whether the
dentity of the two faces (face identity WM trials) or the orientation of
he two gratings (grating orientation WM trials) were to be probed at
he end of the trial. The face identity WM and grating orientation WM
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Fig. 1. Schematic illustration of one trial in the EEG experiment. Participants performed a retro-cued Sternberg working memory task with faces and simple 
grating patterns, without distractor (nD) or with face distractor (fD) stimuli appearing in the delay period. A symbolic retro-cue indicated whether the identity of 
the two faces (face identity working memory, fiWM) or the orientation of the two gratings (grating orientation working memory, goWM) were to be probed at the 
end of the trial. 
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rials occurred with 50% probability, in randomised order. Retro-cues
ere numbers (1 and 2, mapping to faces and gratings counterbalanced
cross participants) displayed at both sides of the fixation disc (printed
n 20 pt Arial at the centre of the screen, separated by a space for the
xation disc). Evidently, participants did not know in advance which
ategory would be relevant when they saw the sample stimuli, and they
ere explicitly instructed to try to memorise both gratings and faces –
chieving this was of primary importance in the training phase. After a
elay jittered between 1000 and 1200 ms, the time window of the dis-
ractor lasted for 500 ms, during which the fixation disc was red, and a
istractor could appear (see below). This was followed by a second dis-
ractor with the same timing (1000–1200 ms ISI from the first distractor
ffset to the second distractor onset, 500 ms display time). 

After an additional delay of 1000 ms, the probe was displayed for
00 ms. The probe was also a composite image prepared using the same
ethod as the sample stimuli. The irrelevant image component in the
robe was always different from all previous stimuli in the current trial.
he relevant image component (as indicated by the retro-cue) was either
lso different from all others of the trial (‘new’ trials), or it was one of the
robe stimuli from the current trial reoccurring (‘old’ trials). The probe
ypes came in randomised order, with equal numbers within each con-
ition (new – 50%; old, first sample – 25%; old, second sample – 25%).
articipants had to indicate whether they saw an old or a new probe,
ith pressing the keys 7 and 8 (mapping counterbalanced across par-

icipants) on a numeric keyboard. Response hand was randomised and
ounterbalanced across participants. The response time window started
t probe onset and was terminated when a response was given and the
robe was offscreen, or after a 3-sec timeout. After the response window,
articipants received feedback in form of text at the centre of the screen
aying either ‘correct’ or ‘wrong’ in Hungarian, displayed for 300 ms in
0 pt Arial. If the response window timed out, the text ‘faster!’ appeared
s a feedback. Participants were told at the beginning of the experiment
hat this prompt was not intended to instruct them to favour speed at the
xpense of accuracy, but is rather important during the training phase
o help them catch the general pace of the experiment. After an ISI of
000 or 1200 ms (occurring randomly), the next trial started. 

With respect to the delay distractor, there were 2 trial types. During
o distractor trials, the fixation disc turned red for 500 ms and no face
timulus was presented. On face distractor trials, two face images were
rawn from the stimulus pool that were different from all other stimuli
n the current trial. Each distractor was blended with the background
olour with 50–50% weights to match the contrast of one component in
he compound sample stimulus. 
a  

3 
A temporal succession of two face distractors was presented in the
elay periods throughout 6 runs of 48 trials each, and no distractor in 2
uns (always the 3rd and the 6th run). There were self-paced rest periods
etween experimental runs, and also a smaller break at the half of each
un. 

All stimuli subtended 3° of visual angle both horizontally and ver-
ically. Face images (117 male, 120 female) were front-view grayscale
hotographs cropped with a circular masque with a diameter of 3° of vi-
ual angle to eliminate external facial features and equated for contrast
nd luminance. Within one trial, only male or only female faces were
sed; male and female trials came in random order, counterbalanced
cross conditions. Grating images were sinusoid gratings in a 3° of vi-
ual angle circular aperture having a spatial frequency of 2 cycles per
egree, with luminance and contrast matched to the face stimuli. There
ere six grating directions, spanning non-cardinal directions between
orizontal and vertical equally (22.5°, 45°, 67.5°, 112.5°, 135°, 157.5°).
ithin one trial, no grating or face stimulus was repeated except for the

ase when they were displayed as an ‘old’ probe. In addition, to mini-
ize direct interference from face identities repeating in neighbouring

rials, face stimuli were pseudo-randomly drawn with replacement from
he male or the female image set so that there were at least 60 draws
etween two occurrences of the same face. 

Presentation of stimuli, control of the experimental procedure and
ollection of participants’ responses were performed using custom-
ritten scripts and the Psychophysics Toolbox ( Brainard, 1997 ;
elli, 1997 ) 3.0.9 under MATLAB R2008a (The MathWorks Inc., Nat-
ck, MA, USA). 

.2.2. Electrophysiological recording and analysis 

For the recording of EEG data a 96-channel ActiCap system was
sed with 3 BrainAmp MR plus amplifiers and BrainVision Recorder
.2 software (Brain Products GmbH, Munich, Germany). The electrodes
ere fitted on an elastic cap (EasyCap GmbH, Herrsching, Germany).

mpedance was lowered and kept below 5 k Ω throughout the exper-
ments. Scalp electrodes were positioned according to 10/5 standard,
nd an additional vertical electrooculogram (vEOG L ) electrode was po-
itioned below the right eye. All electrodes were referenced to the right
astoid (TP10), and the ground electrode was located at position FPz.
he EEG signal was sampled at 2500 Hz. 

All preprocessing was performed in MATLAB R2015a (The
athWorks Inc., Natick, MA, USA) using EEGLAB ( Delorme and
akeig, 2004 ) 13.4.4.b, ERPLAB ( Lopez-Calderon and Luck, 2014 ) 5.0

nd custom-written scripts. First, data was downsampled to 500 Hz
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pop_resample() from EEGLAB). Bandpass filtering was performed using
he pop_basicfilter() function from the ERPLAB toolbox. For blink de-
ection, event-related potential (ERP) analysis and time-frequency anal-
sis, data were filtered with fourth-order Butterworth zero-phase filters
ith half-amplitude cutoffs (half-power cutoff shown in parentheses)
t 0.1 Hz (0.1 Hz) for high-pass and 37.5 Hz (30.3 Hz) for low-pass.
or further artefact detection, the low-pass half-amplitude cutoff was
4.4 Hz (70 Hz), while high-pass was identical. For Independent Com-
onent Analysis (ICA), the high-pass cutoff was set to 0.4 Hz (0.5 Hz),
s ICA is known to be overly sensitive to low-frequency drifts in the sig-
al. A notch filter at 50 Hz was applied in each case using a Q-factor of
5 (bandwidth at − 1 dB: 1.11 Hz) using MATLAB functions iirnotch(),
filt.df2() and filtfilt(). 

Segments time-locked to the first sample stimulus (from − 600 ms
o 800 ms relative to onset), the second sample stimulus ( − 200 to
000 ms), the retro-cue ( − 600 to 1500 ms), the distractors ( − 600 to
500 ms) and the probe ( − 600 to 1000 ms) were created for artefact
ejection purposes. Putative eye blinks were detected using a semi-
utomatic thresholding procedure based on the bipolar vertical EOG
alculated as FP2-vEOG L . The aim of the next step was to identify arte-
acts that are unsuitable to be removed in the subsequent cleaning step
hat is based on ICA. First, automatic artefact detection was performed
sing EEGLAB functions, which was then overruled by careful trial-by-
rial visual inspection. Based on the first artefact rejection step, time
oints deemed suitable for ICA were selected (without segment overlap,
.e. avoiding sampling the same data point more than once) from the
ontinuous dataset. This data was filtered with the 0.4 Hz cutoff and
ubjected to ICA decomposition with the extended Infomax algorithm
 Bell and Sejnowski, 1995 ; Onton et al., 2006 ) with a maximum of 1024
terations and a stopping threshold of 10 − 7 . ICA was preceded by dimen-
ion reduction to 64 components using Principal Component Analysis.
sing the weights from this decomposition, the dataset with the widest
lters (0.1 to 84.4 Hz) was projected to component space, and compo-
ents with well-isolated artefactual activity and without substantial sig-
al content were discarded ( Chaumon et al., 2015 ; Delorme et al., 2007 )
ased on topographies and activations (averages, spectra and single-trial
ime courses). Not discarding any signal content was prioritised over
otentially removing more artefacts, i.e. ambiguous components were
ept, and the corresponding problematic trials were discarded in the
ext step, when the data projected to the “clean ” subspace were visu-
lly inspected for artefacts once again. 

Statistical evaluation of distractor congruency effects on EEG activ-
ty and post-stimulus alpha power was based on average-referenced EEG
egments time-locked to the onset of first distractor stimuli. Only trials
ith artefact-free distractor-related segments were considered, the num-
er (mean ± SD, minimum, maximum) of clean trials per condition was
s follows: face identity WM – face distractor (82 ± 13, 50, 107), grating
rientation WM – face distractor (93 ± 16, 62, 126). In the case of EEG
ctivity analysis, baseline correction was carried out at single-trial level
y subtracting the average EEG activity in the [ − 600, 0] ms pre-stimulus
aseline interval from all samples. Subject-level EEG averages were gen-
rated by taking the arithmetic mean of baseline-corrected trials for all
onditions separately. 

The time course of post-stimulus alpha power was characterized
y baseline-corrected EEG power of the 8–13 Hz alpha frequency
and. Continuous wavelet transformation (MATLAB cwt() function with

cmor1–1 ′ input argument for complex Morlet wavelets with Fb = 1
andwidth parameter and Fc = 1 wavelet centre frequency) was ap-
lied on clean EEG segments to obtain the power (squared amplitude
f complex wavelet coefficients) of EEG oscillatory activity from 8 Hz
o 13 Hz with 1 Hz resolution for all sample points. Baseline correc-
ion was performed at single-trial level by dividing all power samples
y the average power in the [ − 400, − 100] ms baseline pre-stimulus
ime interval. The [ − 600, − 400] ms and the [ − 100, 0] ms intervals of
EG segments were excluded from calculation of the average baseline
ower to prevent the inclusion of wavelet calculation edge-effects and
4 
otential smearing of early evoked alpha power into the baseline inter-
al, respectively. Subject-level averages of post-stimulus alpha power
ime course were calculated by taking the arithmetic mean of baseline-
orrected trials (P 𝛼bc ) for all conditions separately. Base-10 logarithm
f subject-level averages was taken and multiplied by 10 (10log 10 P 𝛼bc )
o obtain the power values in decibels (dB). Finally, averaging over the
requency dimension was carried out in the 8–13 Hz alpha frequency
and. 

Distractor congruency effects on EEG activity and post-stimulus al-
ha power time course were assessed by mass univariate analysis of
ubject-level averages considering all EEG electrode × time sample pairs
n the whole [0, 1500] ms post-stimulus time interval after the onset
f distractors. No false distractor congruency effects were found that
ould be generated at the end of the segments by the edge-effects of
avelet transformation used for estimation of post-stimulus alpha power

ime course. Central tendency of EEG activity and post-stimulus alpha
ower time course was compared between congruent and incongruent
ace distractor conditions (face identity WM – face distractor vs grat-
ng orientation WM – face distractor) using paired-samples t-tests (P
 0.05). Multiple comparisons correction was carried out by applying

he cluster-based permutation testing framework ( Maris and Oosten-
eld, 2007 ; Nichols and Holmes, 2002 ) implemented in the FieldTrip
oolbox ( Oostenveld et al., 2010 ) (revision 1d5ddcf). The number of
andomisations was 9999. Spatial neighbourhood was calculated using
he ft_prepare_neighbours() FieldTrip function with 5 cm neighbour dis-
ance, and the required minimum number of neighbours with significant
ffect was 2 for generation of clusters. Clusters were characterised by
heir ‘maxsum’ statistic, and positive and negative clusters were assessed
ogether by using a 0.025 cluster significance level. To present the EEG
esults in the same form as the fMRI results, the original cluster P clust val-
es were multiplied by 2 (P c = 2 × P clust ), and accordingly, clusters with
orrected P c < 0.05 values were considered significant. P c values of pos-
tive and negative clusters were denoted by P cp and P cn , respectively. If
 particular test resulted in multiple significant clusters of same polarity,
lusters were sorted in an ascending order according to their P c values
nd an additional index was added to their subscript (e.g. P cn2 would
enote the second most significant negative cluster). Wavelet transfor-
ation and statistical analysis were carried out in MATLAB 2013b (The
athWorks Inc., Natick, MA, USA) using custom-written scripts. 

Using a recently published method ( Donoghue et al., 2020 ) we fur-
her investigated face distractor congruency effects on post-stimulus al-
ha power while controlling for the effects of aperiodic components.
or this analysis we used the time range of significant congruency effect
n post-stimulus alpha power time course (from 350 to 950 ms relative
o distractor onset) and an equal length baseline segment from − 600
o 0 ms relative to distractor onset. Power spectral density estimation
nd spectral parametrization was applied on trial-level. Power spec-
ral density was estimated using the periodogram() function from the
cipy (1.6.2) package ( Virtanen et al., 2020 ) with 2000 point FFT length
nd a Hann window. Spectral parametrization was performed using the
OOOF (1.0.0) package ( Donoghue et al., 2020 ) with the following pa-
ameters: freq_range = [3, 25], peak_width_limits = [1, 6], max_n_peaks
 6, min_peak_height = 0.05, peak_threshold = 1.5 and aperiodic_mode
 ‘fixed’. Power values were converted to dB by taking their base-10

ogarithm multiplied by 10. We calculated alpha power measures by
aking the 8–13 Hz band average for both the evoked and baseline seg-
ents of each trial. Total alpha power was derived from the total power

pectrum, aperiodic alpha power was derived from the fitted aperiodic
omponent, and periodic alpha power was derived from the flattened
pectrum (total power spectrum − aperiodic power spectrum). Finally,
aseline alpha power measures were subtracted from the corresponding
voked alpha power measures. Post-stimulus alpha power was averaged
cross trials within both conditions (face identity WM – face distractor
nd grating orientation WM – face distractor) and two-tailed paired-
amples t-tests (P c < 0.05) were performed between the two conditions
ith 1D spatial clustering, using the permutation_cluster_1samp_test()
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unction from the mne (0.22.0) package ( Gramfort et al., 2013 ) and the
ame neighbourhood matrix as in the time course analysis. 

.3. fMRI experiment 

.3.1. Stimuli and procedure 

The participants of the EEG experiment performed a retro-cued
ternberg WM task with the same stimuli and experimental design used
n the EEG experiment (for details, see Section 2.2.1 ), but only with
he first distractor time window in the delay period, in which either a
ace distractor or a grating distractor stimulus was presented intermixed
n random order (the no distractor condition was not used) and with
iming optimised for fMRI. To be able to separately model the blood-
xygen-level-dependant (BOLD) response to distractor stimulus we used
emporally jittered ISI of 3500, 4500, 5500, and 6500 ms, which sep-
rated the 500-ms-long distractor from the 500-ms-long retro-cue and
robe stimuli so that the delay period (i.e. the time interval between
etro-cue offset and probe onset) had a fixed duration of 10,500 ms. The
ithin-trial ISI levels were randomised and counterbalanced across con-
itions. The trials were separated by jittered ISI (between probe offset
nd next trial sample onset) with 4 levels linearly spaced between 7100
nd 10,100 ms. The 2500 ms response time window started at probe
nset, after which participants did not receive feedback regarding their
esponse. 900 ms before each trial the fixation dot colour changed from
lue to green for 200 ms cueing the beginning of the next trial. The
etween-trial ISI levels were randomised across the 32 trials in a run
nd a ∼30 s baseline epoch with a fixation dot was placed before the
st, 12th and 23rd trial. 

Stimuli were displayed centrally, subtending 3 × 3° (rescaled by ei-
her + or − 30% in the case of distractor stimuli, randomised and coun-
erbalanced across conditions), on a uniform grey background on an
RI-compatible LCD screen (32 ′ NNL LCD Monitor, NordicNeuroLab,
ergen, Norway; 1920 × 1080 pixels resolution; 60 Hz refresh rate)
laced at 142 cm from the observer and were viewed via a mirror at-
ached to the top of the head coil. Head motion was minimized using
oam padding. Participants’ responses were collected using two buttons
f the ResponseGrip (NordicNeuroLab, Bergen, Norway). Button map-
ing and response hand was randomised and counterbalanced across
articipants. 

Presentation of stimuli, control of the experimental procedure and
ollection of participants’ responses were performed using custom-
ritten scripts and the Psychophysics Toolbox ( Brainard, 1997 ;
elli, 1997 ) 3.0.14 under MATLAB R2015a (The MathWorks Inc., Nat-
ck, MA, USA). 

The fMRI experiment consisted of two fMRI sessions including
 × ∼14-min-long WM runs each, yielding 192 trials in 6 runs alto-
ether. In order to define face-selective visual cortical areas, a separate
8.5-min-long functional localiser run was also conducted after the ex-
erimental runs in the second fMRI session (6 × 12 s epochs of face,
ouse, and human body images, interleaved with 12, 15, or 18 s of rest
eriods with only the fixation dot present; 1 Hz stimulus presentation
ate; 500 ms exposition time; 500 ms ISI). 

.3.2. fMRI data acquisition and analysis 

.3.2.1. Data acquisition. Data were acquired on a Siemens Magnetom
risma 3T MRI scanner (Siemens Healthcare GmbH, Erlangen, Ger-
any) at the Brain Imaging Centre, Research Centre for Natural Sci-

nces. All head elements of the standard Siemens 64-channel head-
eck receiver coil were applied. For functional measurements a blipped-
ontrolled aliasing in parallel imaging (CAIPI) simultaneous multi-slice
radient-echo-EPI sequence ( Setsompop et al., 2012 ) was used with
-fold slice acceleration. Full brain coverage was obtained with an
sotropic 2 mm spatial resolution (208 × 208 mm field-of-view (FOV);
nterior-to-posterior phase encoding direction; 104 × 104 in-plane ma-
rix size; 54 slices; 25% slice gap) and a repetition time (TR) of 710 ms,
ithout in-plane parallel imaging. A partial Fourier factor of 7/8 was
5 
sed to achieve an echo time (TE) of 30 ms. Flip angle (FA) was 59°.
mage reconstruction was performed using the Slice-GRAPPA algorithm
 Setsompop et al., 2012 ) with LeakBlock kernel ( Cauley et al., 2014 ). T1-
eighted 3D MPRAGE anatomical imaging was performed using 2-fold

n-plane GRAPPA acceleration with isotropic 1 mm spatial resolution
TR/TE/FA = 2300 ms/3 ms/9°; FOV = 256 × 256 mm). 

.3.2.2. Data preprocessing and statistical analyses. The functional im-
ges were spatially realigned using SPM’s two pass procedure. All re-
ligned functional images were coregistered with the 3D anatomical
mage, which was then segmented and normalised to the Montreal Neu-
ological Institute (MNI) − 152 space (2 × 2 × 2 mm 

3 ) using the unified
egmentation-normalisation tool of SPM12. To spatially normalise func-
ional images to MNI-152 space, we applied the deformation field pa-
ameters that were obtained during the normalisation of the 3D anatom-
cal image. After the normalisation procedure, functional images were
patially smoothed with a 5-mm full-width at half-maximum isotropic
aussian kernel. 

For first-level statistical analysis of fMRI data we used a standard
oxel-wise General Linear Model (GLM) implemented in SPM12, with
egressors as boxcar functions convolved with SPM’s canonical hemo-
ynamic response function and applied a temporal high-pass filter with
 cutoff frequency of 1/128 Hz. The following regressors representing
he different task conditions were used: face identity WM and grating
rientation WM in the sample/retro-cue time window; face identity WM
face distractor, grating orientation WM – face distractor, face identity
M – grating distractor and grating orientation WM – grating distractor

n the distractor time window; face identity WM and grating orienta-
ion WM in the probe time window. Movement-related variance was ac-
ounted for by including the estimated movement parameters resulting
rom the motion correction procedure as nuisance covariates in the de-
ign matrix. Temporal autocorrelations were modelled with SPM’s FAST
odel. The first-level contrast images derived from parameter estimates

 𝛽 values) of the defined regressors served as input for the second-level
hole-brain random-effects statistical analyses (one-sample t-tests). For

he localiser run the same GLM procedure was applied with face, house
nd body regressors, where face vs house and body vs house contrast
mages served as input for the first-level fixed-effects statistical analy-
es (one-sample t-tests). Significance testing of first- and second-level
-maps was performed using two-tailed voxel-level False Discovery Rate
FDR) at q = 0.05 as correction for multiple comparisons. 

For region of interest (ROI)-based analyses, percent signal change
PSC) was computed using the method suggested by Pernet (2014) and
oldrack et al. (2011) . Mean PSCs were extracted from a sphere with
 mm radius around the peak voxel of each participant’s individually de-
ned ROI and entered into a second-level three-way repeated-measures
nalysis of variance (ANOVA) with WM content (face identity WM vs
rating orientation WM), Distractor category (face distractor vs grat-
ng distractor), and ROI as within-subject factors. Significance testing
as performed using a permutation-based approach with 9999 itera-

ions. Interaction and main effect P values were calculated by compar-
ng the F-statistic of intact data to its null distribution computed by ran-
omly shuffling condition labels within each subject. Simple effects test-
ng was performed using paired-samples t-tests, and two-tailed P values
orrected for multiple comparisons were derived using the permutation-
ased maximum statistic method ( Nichols and Holmes, 2002 ). We gen-
rated the null distributions of maximum t values by randomly shuffling
ondition labels per subject and taking the maximum of absolute t val-
es across the comparisons within one factor on each iteration. We used
he resulting null distribution to determine corrected P values, which
as provided as P c,N with N marking the number of comparisons cor-

ected for when N > 1. Note that due to performing permutation testing
ith 9999 iterations, the resolution of our P values has a lower limit of
 = 0.0001. 

Preprocessing and statistical analyses of the imaging data were per-
ormed using the SPM12 (v7771) toolbox (Wellcome Trust Centre for
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euroimaging, London, UK) as well as custom-made scripts running on
ATLAB R2015a and MATLAB R2017a (The MathWorks Inc., Natick,
A, USA). For repeated measures ANOVA, we used the ranova method

n the RepeatedMeasuresModel class included in the statistics toolbox
f MATLAB R2017a. Permutation-based significance testing was com-
leted using custom-made scripts in MATLAB R2017a. 

.3.2.3. ROI definition. A separate functional localiser run was used to
etermine face-selective visual cortical areas for each participant. Due to
he well-known right-lateralisation of face processing ( Kanwisher et al.,
997 ; McCarthy et al., 1997 ; Rossion et al., 2012 ; Zhen et al., 2015 ),
e focused our analysis on the right hemisphere where these regions

ould be identified more reliably. The OFA ( Pitcher et al., 2007 ) in the
nferior occipital gyrus and the two subregions of the FFA located in
he posterior-lateral and anterior-lateral tip of the mid-fusiform sulcus

called pFus ‐faces/FFA ‐1 and mFus ‐faces/FFA ‐2, respectively ( Grill-
pector et al., 2017 ; Pinsk et al., 2009 ; Weiner and Grill-Spector, 2010 )
were identified as areas showing higher fMRI responses to face than
ouse images. To determine the locations of these ROIs for each partic-
pant, we used the individual face vs house contrast t-maps thresholded
ith a two-tailed voxel-level FDR at q = 0.05. In addition to these face-

elective regions, a control visual cortical area selective for processing of
ody images, namely the extrastriate body area (EBA) ( Downing et al.,
001 ) was also individually localised in the extrastriate visual cortex
s an area showing higher fMRI responses to body than house images
sing the individual body vs house contrast t-maps thresholded with a
wo-tailed voxel-level FDR at q = 0.05. 

It was possible to define the right mFus ‐faces/FFA ‐2 for 32 partici-
ants (MNI x, y, z coordinates mean ± standard error (SE) in mm: 40 ±
.5, − 47 ± 1.0, − 19 ± 0.6) and the right pFus ‐faces/FFA ‐1 for 31 par-
icipants (MNI coordinates mean ± SE: 43 ± 0.9, − 60 ± 0.9, − 17 ± 0.7).
he right OFA was found for 30 participants (MNI coordinates mean ±
E: 40 ± 0.7, − 79 ± 1.2, − 13 ± 0.6), and the right EBA could be defined
or all participants (MNI coordinates mean ± SE: 50 ± 0.7, − 72 ± 1.1,
 ± 1.0). 

In addition to the visual cortical regions, the PT-IFG was also indi-
idually localised as an area showing larger fMRI responses to probe
timulus in the case of face identity WM trials than grating orientation
M trials in the WM fMRI experiment, using the individual face iden-

ity WM vs grating orientation WM contrast t-maps thresholded with a
wo-tailed voxel-level FDR at q = 0.05. It was possible to define the right
T-IFG for 32 and the left PT-IFG for 27 participants (MNI coordinates
ean ± SE: 47 ± 1.0, 22 ± 1.0, 25 ± 1.0 and − 45 ± 1.1, 19 ± 0.8, 24 ±
.8 for right and left hemisphere, respectively). 

In the ANOVA model with ROI as within-subject factor we only in-
luded participants for whom we could define all the ROIs, while for
orrelation analyses, we used the data of all participants for whom we
ould define the investigated ROI. 

.4. Correlation analysis 

For correlation analyses we used the Robust Correlation Toolbox v2
 Pernet et al., 2013 ) in MATLAB R2017a. Skipped Spearman’s correla-
ion coefficients (r s ) were calculated using the adjusted box-plot rule
or bivariate outlier detection. The number of outliers (NO) is reported
or each correlation. Two-tailed P values were derived from a bootstrap
istribution (10,000 samples) with a lower limit of P = 0.0001. P val-
es were corrected for multiple comparisons using the Holm-Bonferroni
ethod within each hypothesis set and provided as P c,N with N marking

he number of correlations corrected for when N > 1. 

.5. Behavioural data analyses 

To investigate the participants’ WM performance, we calculated d
rime (d’) scores by using the standardised difference between the hit
ate and false alarm rate for each condition and each participant, where
6 
igher d’ score indicated better performance. For second-level analy-
es we used a two-way repeated-measures ANOVA on d’ scores with
M content (face identity WM vs grating orientation WM) and Dis-

ractor category (face distractor vs no distractor for the EEG experi-
ent and face distractor vs grating distractor for the fMRI experiment)

s within-subject factors. Significance testing was performed using the
ame permutation-based approach described in Section 2.3.2.2 . 

To characterize the participants’ ability to resist face distractors –
ehavioural distractor resistance –, we used the face identity working
emory performance (d’) in face distractor trials of both the EEG and

MRI WM tasks after regressing out the performance in no-distractor
rials measured in the EEG experiment to control for the confounding
ffect of the overall face identity WM ability of the participants. The par-
icipants’ behavioural distractor resistance during EEG and fMRI record-
ngs was then correlated with their neural EEG and fMRI distractor con-
ruency effects, respectively, as well as with their working memory re-
all precision, measured independently using an orientation delayed-
stimation task ( Gorgoraptis et al., 2011 ; Manga et al., 2020 ). 

.6. Orientation delayed-estimation task 

Participants of the EEG and fMRI experiments also completed a
elayed-estimation task (Supplementary Fig. 1) in a previous study that
as been recently published ( Manga et al., 2020 ). The task was a modi-
ed, incentivised version of the orientation delayed-estimation task em-
loyed by Gorgoraptis et al. (2011) . During the course of one trial of
he task, three bars with different colour and orientation were presented
onsecutively at the centre of the screen (stimulus bars), followed by a
robe bar appearing in a colour identical to one of the previously pre-
ented three bars (target bar). Participants were instructed to memorise
ll three stimulus bars, and then recall the orientation of the target bar
cued retrospectively) as accurately as possible by rotating the probe
ar using the keyboard of the computer. At the beginning of each trial,
 reward cue indicated whether small or large reward could be earned,
owever, in the current analysis data was not split by reward conditions.
hus, trials were categorised based on the position of the target bar in
he stimulus sequence, resulting in three experimental conditions (re-
all 1st, 2nd and 3rd bar), with 144 trials per condition (for a detailed
escription of the task see Manga et al., 2020 ). 

To quantify the quality of the visual working memory representa-
ions in the delayed-estimation task, angular deviation between the ori-
ntation of the target bar and the response was calculated for each trial
recall error), and the reciprocal of the circular SD of this recall error was
sed as an overall measure of performance, called recall precision (with
igher recall precision values indicating better visual working memory
erformance). 

. Results 

.1. Congruency effects on the face-distractor-related EEG activity 

.1.1. Behavioural results 

During the EEG recordings a significant Distractor category × WM
ontent interaction (F(1,32) = 5.82, P = 0.023) was revealed as a re-
ult of reduced WM performance ( Fig. 2 a) in the case of the face delay
istractor as compared to the no distractor condition in face identity
M trials (P c,2 = 0.0011), which was absent in grating orientation WM

rials (P c,2 = 0.47). Furthermore, face identity WM performance was
oorer than grating orientation WM performance, both in the presence
P c,2 = 0.0001) and absence of distractors (P c,2 = 0.012). Significant Dis-
ractor category × WM content interaction (F(1,32) = 5.65, P = 0.023)
as also found for reaction times as a result of larger non-significant
istractor effect in face identity WM trials (mean ± SD: 1099 ± 231 ms
nd 1070 ± 250 ms for the presence and absence of face distractors,
espectively, d = 0.38, P c,2 = 0.076) relative to grating orientation WM



P. Hermann, B. Weiss, B. Knakker et al. NeuroImage 245 (2021) 118650 

Fig. 2. Behavioural performance on the 
working memory task . Face identity and grat- 
ing orientation WM performances (d’ scores) 
are presented in the case of face and no distrac- 
tor conditions in the EEG experiment (a) and 
in the case of face and grating distractor con- 
ditions in the fMRI experiment (b) using an in- 
house modified version of the RainCloudPlots 
tool ( Allen et al., 2019 ). Probability distribu- 
tions are depicted by split-half violin plot and 
dots represent individual data points. In each 
box-and-whisker plot the box represents the in- 
terquartile range (IQR) with lower and upper 
boundary lines at the 25th and 75th percentile 
of the data, respectively. Whiskers indicate the 
non-outlier (1.5 × IQR) range, and the white 
central line indicates the median of the data. 
Significant distractor effects are indicated by 
asterisks: ∗ P < 0.05, ∗ ∗ P < 0.01. Abbreviations: 

fiWM (face identity working memory), goWM (grating orientation working memory), fD (face distractor), gD (grating distractor), nD (no distractor), WM (working 
memory). 
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rials (mean ± SD: 1077 ± 230 ms and 1076 ± 250 ms for the presence
nd absence of face distractors, respectively, d = 0.01, P c,2 = 1). 

Next, we explored the association between the participants’ ability
o resist face distractors – behavioural distractor resistance – in the face
dentity WM task performed during the EEG recordings and their inde-
endently measured working memory recall precision. The results re-
ealed significant correlation between the participants’ recall precision
nd behavioural distractor resistance (r s = 0.43, P = 0.029, NO = 2),
howing that the ability to resist congruent distractor interference in a
ace identity WM task is closely associated with recall precision (Supple-
entary Fig. 2a). Next, we performed the same correlation analysis sep-

rately for the recall precision measured in the case of the first, second
nd third item of the sample display. Significant correlation was found
nly for the second item (r s = 0.45, P c,3 = 0.049, NO = 0), whereas cor-
elation in the case of the first (r s = 0.34, P c,3 = 0.14, NO = 1) and third
r s = 0.23, P c,3 = 0.23, NO = 0) stimulus was non-significant. 

.1.2. EEG results 

We focus our analysis on the EEG activity associated with the first
ace distractor ( Fig. 3 a). The reason for adding a second distractor was
o avoid the building up of the neural processes associated with the
nticipation of the test stimulus during the period of the first distractor-
elated response. Additionally, the processing of the second distractor
ight be confounded by test anticipatory processes as well as adaptation

ffects that are known to be most prominent at the N170 and N250 ERP
omponents ( Kovács et al., 2006 ; Webster and MacLeod, 2011 ), i.e. in
 time window overlapping with SN. 

Using cluster-based permutation testing we found significant frontal,
entral, parietal positive (P cp = 0.0004) and occipital, occipito-temporal
egative (P cn = 0.0002) distractor congruency clusters corresponding
o the contrast between the conditions with congruent and incongruent
ace distractor stimuli ( Fig. 3 b). The congruency effects’ spatio-temporal
roperties within the early time interval (200–450 ms) in the current
tudy closely corresponded to that previously described for SN and a
ositive component accompanying SN, the so-called selection positivity
SP) ( Hillyard and Anllo-Vento, 1998 ). Although, the SN/SP components
n the current experiment formed part of a more extended continuous
ignificant congruency effect cluster, the scalp topography suggests that
he early SN/SP might be differentiated from the later segment of the
luster, starting from around 450 ms and corresponding to the P3b com-
onent of the ERP responses ( Polich, 2007 ). 

The early P1 and N1 ERP components were not affected by distractor
ongruency. Because a previous study found distractor congruency ef-
ects on the N170 component of the face-distractor-related responses
sing a more traditional analysis of the EEG data ( Sreenivasan and
7 
ha, 2007 ), we also performed a peak detection-based analysis of the
170 component on our dataset (Supplementary text 2). The results –

n agreement with our cluster-based analysis – indicated no significant
ongruency effects on the N170 component latency (F(1,29) = 0.16,
 = 0.72) and amplitude (F(1,29) = 0.09, P = 0.80). 

We also performed a correlation analysis to test the relationship
etween the participants’ behavioural distractor resistance and the
trength of SN congruency effect. The results revealed a significant
ositive correlation between behavioural distractor resistance and the
ongruency effects measured within the SN time interval (r s = 0.51,
 c,2 = 0.008, NO = 2): WM performance was more impaired in con-
ruent face distractor trials in those participants who showed larger SN
Supplementary Fig. 4a). On the other hand, we failed to find signifi-
ant correlation between behavioural distractor resistance and the EEG
ongruency effect measured in a later (450–700 ms) time interval, cor-
esponding to P3b (r s = 0.28, P c,2 = 0.11, NO = 1). 

Testing the effect of distractor congruency on post-stimulus alpha
ower time course revealed significant reduction of post-stimulus alpha
ower time course following congruent as compared to incongruent dis-
ractors ( Fig. 4 ). This congruency effect started on parieto-occipital elec-
rodes and around 600 ms extended to right-hemisphere frontolateral
lectrodes. The right hemisphere lateralised significant negative clus-
er (P cn = 0.0344) started in Pz, P2, POz, PPO2h parietal electrodes at
46 ms and ended in the right frontal region (F8, FT8, F10) at 950 ms.
hese findings are in concordance with the results of our exploratory ex-
eriment showing significant congruency effects of post-stimulus alpha
ower time course in the case of both face- and grating-distractor-related
EG activity (see Supplementary text 1 and Supplementary Fig. 5). 

The traditional analysis we performed to investigate congruency ef-
ect on post-stimulus alpha power ignores the fact that electrophysio-
ogical signals exhibit both periodic and aperiodic properties. However,
ecent findings show that the aperiodic component of the EEG signal
an reflect physiological information ( Gao et al., 2017 ; He et al., 2010 ;
odvalny et al., 2015 ) and failing to disentangle periodic from aperi-
dic activity may lead to compromised interpretations ( Donoghue et al.,
020 ). In order to specifically investigate periodic activity, we used
 model fitting approach in the spectral domain, which allowed us to
eparate the periodic and aperiodic components of post-stimulus alpha
ower. We found significant effect of distractor congruency on post-
timulus total alpha power following distractor onset on rightward lat-
ralized posterior (P cn1 = 0.01), left frontal (P cn3 = 0.048) and right
rontal (P cn2 = 0.046) electrode clusters, with reduced post-stimulus to-
al alpha power in the congruent distractor condition (see Fig. 5 ). When
nvestigating the distractor congruency effect on the periodic compo-
ent of post-stimulus alpha power, we revealed two significant clusters
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Fig. 3. The effects of face distractor congruency on event-related potentials. The time course of grand average occipito-temporal and parietal event-related 
potentials (ERPs) evoked by the first face distractor is presented for both congruent and incongruent conditions (a). Horizontal black lines below the time courses 
indicate significant face distractor congruency effects at sample points that belong to significant clusters. Spatio-temporal effects of first distractor congruency on EEG 

are shown in panel (b) for the time interval between 0 s and 1.5 s. A significant negative cluster started at 208 ms in right occipito-temporal electrodes (PO10, PO8, 
PPO10h), and ended at 1160 ms in the left occipito-temporal region (PO9, PO7, PPO9h). The positive cluster overlapped in time with the negative cluster, it started 
at 204 ms in left central electrodes (Cz, C1, CCP1h) and ended in a broader right fronto-central scalp region (C4, F6, FC4, C6, FFC6h, FCC4h, FTT8h) at 1146 ms. 
These findings are in close agreement with the results of our exploratory experiment (see Supplementary text 1 and Supplementary Fig. 3). Topographic plots stand 
for the difference of baseline-corrected ERPs between congruent and incongruent face distractor conditions (face identity WM – face distractor vs grating orientation 
WM – face distractor) averaged in 75 ms wide time windows with window centres indicated in ms above the plots. Hot colours indicate more positive-going ERP 
activity for the face identity WM – face distractor condition. Black dots mark EEG electrodes with significant face distractor effect found for at least one sample point 
within the corresponding time intervals. Abbreviations: fiWM (face identity working memory), goWM (grating orientation working memory), fD (face distractor). 

Fig. 4. The effects of face distractor congruency on alpha power time course . Spatio-temporal effects of face distractor congruency on the power of evoked alpha 
oscillations (10log 10 P 𝛼bc ) are shown for the time interval between 0 s and 1.5 s after the onset of face distractor stimuli. Topographic plots stand for the difference of 
grand average alpha power between congruent and incongruent distractor conditions (face identity WM – face distractor vs grating orientation WM – face distractor) 
averaged in 75 ms wide time windows with window centres indicated in ms above the plots. Cold colours indicate more negative-going baseline-corrected alpha 
power values for the face identity WM – face distractor condition. Black dots mark EEG electrodes with significant face distractor effect found for at least one sample 
point within the corresponding time windows. Abbreviations: dB (decibels). 
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n posterior (P cn2 = 0.038) and right frontal (P cn1 = 0.026) regions,
argely overlapping with the significant clusters revealed for total alpha
ower. Finally, we found significant (P cn = 0.013) distractor congruency
ffect on the aperiodic component of post-stimulus alpha power on a
ight posterior electrode cluster. Importantly, behavioural distractor re-
istance correlated significantly with the significant posterior distractor
ongruency effect on post-stimulus periodic alpha power (r s = − 0.40,
 c,2 = 0.028, NO = 3, see Supplementary Fig. 4b) but not with the sig-
ificant distractor congruency effect on post-stimulus aperiodic alpha
ower (r s = − 0.16, P c,2 = 0.42, NO = 2). 
8 
.2. Congruency effects on the distractor-related fMRI responses 

.2.1. Behavioural results 

In agreement with the results of the main EEG and exploratory EEG
see Supplementary text 1) experiments, WM performance ( Fig. 2 b)
as reduced in the case of face as compared to grating distractors (no-
istractors in the main EEG experiment) in face identity (P c,2 = 0.049)
ut not in grating orientation WM trials (P c,2 = 0.88), although the in-
eraction of WM content and Distractor category did not reach statistical
ignificance (F(1,32) = 2.93, P = 0.098). In addition, there was a signif-
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Fig. 5. The effect of facedistractor congruency 
on alpha power . Grand average post-stimulus alpha 
power (P total 𝛼 , first row), its periodic (P periodic 𝛼 , second 
row) and aperiodic (P aperiodic 𝛼 , last row) components 
derived from the 350–950 ms time range after the on- 
set of face distractor stimuli. Topographies are shown 
for face identity WM – face distractor (fiWM-fD) and 
grating orientation WM – face distractor (goWM-fD) 
conditions as well as for their difference (fiWM-fD vs 
goWM-fD). Black dots on difference topographies mark 
significant electrodes. Abbreviations: dB (decibels). 
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cant main effect of the WM content (F(1,32) = 32.97, P = 0.0001): WM
erformance, similarly to our main EEG experiment, was poorer when
ace identity information was maintained in WM in the cases of both
istractor conditions. 

Importantly, in accordance with the results of our EEG experiment,
ehavioural distractor resistance in the congruent face delay distractor
ondition positively correlated with the participants’ recall precision (r s 
 0.61, P = 0.0006, NO = 2, see Supplementary Fig. 2b) and this associa-

ion was driven by the strong correlation between behavioural distractor
esistance and the recall precision measured in the cases of the first (r s =
.62, P c,3 = 0.0006, NO = 2) and second item (r s = 0.56, P c,3 = 0.0016,
O = 1), but not the third item (r s = 0.30, P c,3 = 0.11, NO = 0). Re-
ction times were not affected by distractor category (F(1,32) = 1.40,
 = 0.25), WM content (F(1,32) = 0.14, P = 0.72), or their interaction
F(1,32) = 0.65, P = 0.44). 

.2.2. fMRI results 

.2.2.4. Whole brain analysis. In agreement with our prediction, whole-
rain analysis of the fMRI data revealed stronger fMRI responses for
ongruent as compared to incongruent face distractors in the bilateral
entral occipito-temporal cortex, including the fusiform gyrus as well as
n the vlPFC, being most prominent in the PT-IFG ( Fig. 6 ). In the case of
rating distractors, the most pronounced congruency-induced fMRI re-
ponse enhancements were found bilaterally in the superior and inferior
arietal cortex, superior frontal gyrus as well as in the precentral gyrus
Supplementary Fig. 6, see also Supplementary Table 2). Overall, these
esults are in accordance with the extensive previous research show-
ng that ventral areas of the PFC co-operate with the ventral temporal
ortex to support object WM ( Courtney et al., 1998 , 1997 ; Nee et al.,
013 ; Nee and D’Esposito, 2018 ). On the other hand, dorsal areas of the
FC and the parietal cortex play a central role in spatial WM as well
s in the maintenance of orientation information ( Courtney et al., 1998 ,
997 ; D’Esposito et al., 1998 ; Nee et al., 2013 ; Nee and D’Esposito, 2018 ;
erences, 2016 ). 

.2.2.5. Congruency effects in the visual cortical ROIs. To investigate con-
ruency effects in the visual cortical processing of distractors, we indi-
idually identified three face-selective areas in the occipito-temporal
9 
ortex – namely OFA, pFus ‐faces/FFA ‐1, and mFus ‐faces/FFA ‐2 – and a
ontrol visual cortical area selective for the processing of body images
n the extrastriate visual cortex – namely EBA – using an independent
ocaliser. Due to the well-known right-lateralisation of face processing
 Kanwisher et al., 1997 ; McCarthy et al., 1997 ; Rossion et al., 2012 ;
hen et al., 2015 ), we focused our analysis on the right hemisphere
here face-selective regions could be identified more reliably. 

The ROI analysis ( Fig. 7 ) revealed that distractor congruency effect –
nhanced fMRI responses to congruent as compared to incongruent dis-
ractors – differed between visual cortical regions (WM content × Dis-
ractor category × ROI interaction: F(3,81) = 7.80, P = 0.0002). In the
Fus ‐faces/FFA ‐2, significant WM content × Distractor category inter-

ction (F(1,27) = 16.51, P = 0.0003) was revealed, which is explained
y a strong distractor congruency effect (face identity vs grating orien-
ation WM) on fMRI responses to face (P c,2 = 0.0004) but not to grat-
ng distractors (P c,2 = 0.96). Whereas in the case of pFus ‐faces/FFA ‐1,
oth distractors evoked larger fMRI responses when they were congru-
nt (face distractor: P c,2 = 0.004, grating distractor: P c,2 = 0.0059) lead-
ng to significant WM content × Distractor category interaction (F(1,27)
 27.72, P = 0.0001) as a consequence of congruency coded with oppo-
ite contrasts for the two distractor conditions in our design. Distractor
ongruency had no significant effect on fMRI responses either in the OFA
F(1,27) = 2.16, P = 0.16) or in the EBA (F(1,27) = 0.25, P = 0.63). 

To further investigate the effect of distractor category, we tested the
istractor category × ROI interaction for each level of WM content. The
istractor category × ROI interaction was significant in both the face

dentity (F(3,81) = 27.44, P = 0.0001) and grating orientation WM con-
itions (F(3,81) = 18.14, P = 0.0001): face as compared to grating dis-
ractors evoked significantly larger fMRI responses in all face-selective
OIs ( d > 0.97, P c,4 = 0.0001 for both WM conditions), whereas the dis-

ractor category effect on fMRI responses was weaker or non-significant
n the EBA ( d = 0.61, P c,4 = 0.0032 for grating orientation WM and d =
.29, P c,4 = 0.36 for face identity WM). 

.2.2.6. Congruency effects in the pars triangularis of the IFG. Besides the
isual cortical ROIs, distractor congruency effects were also explored
n the PT-IFG. This region was localised individually from the fMRI re-
ponses to probe displays using the face identity WM vs grating orienta-
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Fig. 6. Surface map of positive and negative congruency effect on fMRI responses to face distractors. Surface-projected ( Wu et al., 2018 ) second-level statistical 
t-map of congruent vs incongruent face distractor (face identity WM – face distractor vs grating orientation WM – face distractor) contrast was displayed in lateral 
(top) and ventral (bottom) view using a two-tailed FDR-corrected threshold (P = 0.0048). Hot colours indicate significantly higher fMRI responses to congruent as 
compared to incongruent face distractors (i.e. positive congruency effect), while cold colours indicate significantly higher fMRI responses to incongruent as compared 
to congruent face distractors (i.e. negative congruency effect). The full list of brain regions showing significant positive and negative congruency effects in case of 
face distractors is presented in the Supplementary Table 1. 

Fig. 7. Distractor congruency effects in the visual cortical ROIs. fMRI percent signal change evoked by face and grating distractors are presented for both 
congruent and incongruent conditions in each visual cortical region of interest (ROI) using an in-house modified version of the RainCloudPlots tool ( Allen et al., 
2019 ). Probability distributions are depicted by split-half violin plot and dots represent individual data points. In each box-and-whisker plot the box represents the 
interquartile range (IQR) with lower and upper boundary lines at the 25th and 75th percentile of the data, respectively. Whiskers indicate the non-outlier (1.5 × IQR) 
range, and the white central line indicates the median of the data. Significant congruency effects are indicated by asterisks: ∗ ∗ P < 0.01, ∗ ∗ ∗ P < 001. Abbreviations: PSC 
(percent signal change), fiWM (face identity working memory), goWM (grating orientation working memory), fD (face distractor), gD (grating distractor), mFus (mid 
fusiform), pFus (posterior fusiform), FFA (fusiform face area), OFA (occipital face area), EBA (extrastriate body area). 
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ion WM contrast. In our task, participants were required to encode and
tore the identity of two different faces on each trial. This entailed that
uring the presentation of the probe stimuli, matching mnemonic and
robe information involved attentional selection and prioritisation of
emorandum representations. Furthermore, using superimposed face

nd grating images as probe displays ensured that WM-content-based
esponse modulation of this IFG region was associated with top-down
ttentional selection processes. Importantly, the location of the PT-IFG
OI identified based on the fMRI responses to the probe display closely
verlapped with the location of the PT-IFG congruency effect found
n the case of face-distractor-related fMRI responses (distractor-related
roup peak/probe-related ROI average MNI coordinates (in mm) are x
 − 44/ − 45, y = 18/19, z = 28/24 for the left PT-IFG and x = 48/47,
 = 22/22, z = 24/25 for the right PT-IFG). 

We found significant WM content × Distractor category interaction
F(1,26) = 26.95, P = 0.0002), not modulated by the ROI (left and right
t  

10 
T-IFG) factor (WM content × Distractor category × ROI interaction:
(1,26) = 0.20, P = 0.66). fMRI responses were significantly increased
hen face identity information was actively maintained in WM as com-
ared to grating orientation in the presence of face (P c,2 = 0.0001) but
ot grating distractors (P c,2 = 0.90) ( Fig. 8 ). These results thus clearly
how that distractor congruency effects in the PT-IFG are present only in
he case of face distractors. Furthermore, face distractors evoked larger
MRI responses than grating distractors in the congruent (P c,2 = 0.0001)
ut not in the incongruent condition (P c,2 = 0.79). 

.2.2.7. Relationship between fMRI distractor congruency effects end be-

avioural distractor resistance. We investigated the relationship between
he participants’ behavioural distractor resistance measured in the con-
ruent face delay distractor condition during the fMRI experiment and
he strength of fMRI congruency effect measured for face delay dis-
ractors in the left and right PT-IFG, right mFus ‐faces/FFA ‐2 and right
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Fig. 8. Distractor congruency effects in the pars trian- 
gularis of the IFG. fMRI percent signal change evoked by 
face and grating distractors are presented for both congruent 
and incongruent conditions in left and right PT-IFG ROIs us- 
ing an in-house modified version of the RainCloudPlots tool 
( Allen et al., 2019 ). Probability distributions are depicted by 
split-half violin plot and dots represent individual data points. 
In each box-and-whisker plot the box represents the interquar- 
tile range (IQR) with lower and upper boundary lines at the 
25th and 75th percentile of the data, respectively. Whiskers 
indicate the non-outlier (1.5 × IQR) range, and the white cen- 
tral line indicates the median of the data. Significant congru- 
ency effects are indicated by asterisks: ∗ ∗ ∗ P < 001. Abbrevia- 
tions: PSC (percent signal change), fiWM (face identity work- 
ing memory), goWM (grating orientation working memory), 
fD (face distractor), gD (grating distractor), PT-IFG (pars trian- 
gularis of the inferior frontal gyrus), ROI (region of interest). 
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Fus ‐faces/FFA ‐1, i.e. in regions where significantly larger fMRI re-
ponses to congruent as compared to incongruent face distractors were
ound. A significant positive correlation was found in the case of the
ight PT-IFG (r s = 0.53, P c,4 = 0.0024, NO = 0, see Supplementary Fig.
a): greater increase of fMRI responses to congruent as compared to in-
ongruent face distractors in this region indicated better face identity
M performance in face distractor trials. The obtained association be-

ween behavioural distractor resistance and fMRI responses in the right
T-IFG was specific to the distractor-related neural processes because
ur additional analysis revealed no significant correlation between be-
avioural distractor resistance and WM-content-dependant modulation
f the fMRI responses either in the retro-cue- or in the probe-related
MRI activity (P c,2 > 0.46 for all correlations). Furthermore, distrac-
or congruency effect in the left PT-IFG (r s = 0.27, P c,4 = 0.39, NO =
), right mFus ‐faces/FFA ‐2 (r s = 0.38, P c,4 = 0.09, NO = 0) and right
Fus ‐faces/FFA ‐1 (r s = 0.11, P c,4 = 0.52, NO = 0) did not show signifi-
ant correlation with the participants’ behavioural distractor resistance.

.2.2.8. Relationship between fMRI and EEG distractor congruency effects.

e also performed a correlation analysis to test the relationship be-
ween the significant face delay distractor congruency effect on fMRI
esponses in the left and right PT-IFG, right mFus ‐faces/FFA ‐2 and right
Fus ‐faces/FFA ‐1 and the strength of the congruency effect in the case of
N and post-stimulus periodic alpha power. The results revealed that the
ight PT-IFG congruency effect showed a significant negative correlation
ith the congruency effect measured on the post-stimulus periodic al-
ha power (r s = − 0.62, P c,8 = 0.0008, NO = 1): greater reduction of
ost-stimulus periodic alpha power following congruent as compared to
ncongruent face distractors indicated greater increase of fMRI responses
o congruent as compared to incongruent face distractors (Supplemen-
ary Fig. 7b). Furthermore, the congruency effect in the right PT-IFG
as not associated with SN congruency effect (r s = 0.32, P c,8 = 0.64,
O = 5). In the case of the left PT-IFG, right mFus ‐faces/FFA ‐2 and

igth pFus ‐faces/FFA ‐1, fMRI congruency effect did not correlate with
he EEG congruency effects (P c,8 > 0.33 for all correlations). 

These results are in agreement with previous research revealing
trong correlation between BOLD signal and alpha oscillations in local
eld potentials in the visual cortex ( Conner et al., 2011 ; Hermes et al.,
017 ) as well as a close association between attentional modulation of
he visual cortical fMRI activity and post-stimulus alpha power but not
he early ERP components (P1, N1, N250) ( Itthipuripat et al., 2019 ).
t is also in accordance with an earlier study showing that BOLD signal
ithin the dorsal attentional network correlates with the occipital alpha
ower ( Zumer et al., 2014 ). 

. Discussion 

The behavioural results showed that participants’ ability to resist
ongruent distractors during face identity WM maintenance positively
11 
orrelated with their WM recall precision, measured independently us-
ng an orientation delayed-estimation task. Our EEG results revealed
election negativity in congruent as compared to incongruent face-
istractor-related ERP responses and the magnitude of SN showed a
egative association with the participants’ behavioural distractor resis-
ance. These findings provide support for WM-content-guided proactive
ttentional selection processes that enhance early processing of exter-
al distractors and thus hamper distractor resistance. Furthermore, our
MRI experiment showed significant face-distractor-related congruency
ffects in the mFus ‐faces/FFA ‐2 and the PT-IFG, which in the case of PT-
FG was significantly correlated with the participants’ behavioural dis-
ractor resistance as well as with the congruency effect on post-stimulus
eriodic alpha power. These fMRI results suggest that top-down atten-
ional control processes originating from the PT-IFG are engaged in the
rotection and separation of memorandum representation from the dis-
ractor representation within visual cortical areas retaining the most se-
ective mnemonic code. 

The behavioural results revealed reduced face identity WM per-
ormance in the presence of face distractors, which is in accordance
ith previous findings ( Clapp et al., 2010 ; Sreenivasan and Jha, 2007 ;
oon et al., 2006 ) showing that distractors that match the WM con-
ent will cause interference when fine detail information – allowing
o abstract level coding – must be stored in WM. On the other hand,
rating distractors failed to have a significant effect on orientation WM
erformance. One possible explanation for this is that orientation in-
ormation might have been maintained using spatial attention markers
 Bae and Luck, 2017 ; Girshick et al., 2011 ), or alternatively, via a more
bstract, verbal strategy making it less prone to interference ( van Ede
t al., 2019 ). Moreover, it might also be the case that grating distractors
id have a biasing effect on the orientation WM mnemonic representa-
ions ( Lorenc et al., 2018 ), although the size of this modulation might
ave been too small to be revealed by the delayed orientation match-to-
ample task. 

Furthermore, we showed that the participants’ ability to resist con-
ruent distractors during face identity WM maintenance in both our EEG
nd fMRI experiment positively correlated with their WM recall preci-
ion, measured independently using an orientation delayed-estimation
ask ( Gorgoraptis et al., 2011 ; Manga et al., 2020 ). The same correlation
nalysis performed separately for the recall precision measured in the
ases of the three items of the sample display revealed an association be-
ween fMRI behavioural distractor resistance and recall precision for the
rst and second items, as well as between EEG behavioural distractor
esistance and recall precision for the second item, whereas correlation
n the case of the third item was non-significant for either EEG or fMRI
ehavioural distractor resistance. This appears to be in agreement with
he results of previous research investigating serial position effects in an
rientation delayed-estimation task ( Gorgoraptis et al., 2011 ), showing
hat earlier items are affected by interference between WM represen-
ations more strongly, whereas the last item of the sample display is
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ess affected, leading to the well-known recency effect in visual mem-
ry ( Broadbent and Broadbent, 1981 ). Furthermore, our behavioural
esults are also in line with the findings of an earlier study ( Nee and
onides, 2008 ) showing that access to the mnemonic representation of
he first and second item, but not the third item of the sample display
eads to activation of the ventrolateral prefrontal cortex. Taken together,
ur findings provide strong support for a close functional association be-
ween the top-down attentional control processes underlying selection
nd mitigation of interference between competing WM representations
n the case of different visual objects or features. 

Our results provide the first electrophysiological evidence for early
ttentional selection of task-irrelevant delay distractor objects match-
ng the memorandum category by revealing a significant SN in the
istractor-related ERP responses. SN is a broad negative-going ERP
omponent that is generated by non-spatial proactive attentional se-
ection of visual features and shapes ( Hillyard and Anllo-Vento, 1998 ;
eil and Müller, 2010 ; Kenemans et al., 1993 ; Previc and Harter, 1982 ;
mid et al., 1999 ). Therefore, our findings showing congruency-driven
N in ERP responses to irrelevant external distractors are in line with
revious behavioural studies ( Olivers et al., 2011 , 2006 ; Soto et al.,
008 ) demonstrating WM-content-guided automatic allocation of visual
ttention in visual search tasks performed during the WM maintenance
eriod, as reflected in faster reaction times for search targets matching
he WM content. In the current study, SN started from ∼200 ms after
timulus onset and no congruency effects were found on the P1 and
170 components of the ERP responses, which is in accordance with a

arge body of previous studies investigating SN in the case of attentional
election of visual feature conjunctions and shapes ( Hillyard and Anllo-
ento, 1998 ; Keil and Müller, 2010 ; Kenemans et al., 1993 ; Previc and
arter, 1982 ; Smid et al., 1999 ). However, our results are at odds with

he findings of an earlier EEG study ( Sreenivasan and Jha, 2007 ) show-
ng that N170 amplitudes of the ERP responses to congruent delay dis-
ractors are reduced as compared to the incongruent distractors and sug-
esting an early suppression of visual processing of irrelevant distrac-
ors matching the WM content. A major difference between the cited
nd the current study is that we used retro-cueing to indicate which
ncoded object category has to be matched to the probe stimulus on
 given trial, to ensure that encoding of the sample stimuli does not
iffer between the face identity and grating orientation WM conditions
nd thus the modulation of delay distractor processing originates exclu-
ively from top-down object-based attentional processes. On the other
and, in the study by Sreenivasan and Jha (2007) task-relevant object
ategory was cued at the beginning of the trial and therefore it can-
ot be excluded that congruency effects on the N170 component could
ave originated from differences in object-specific adaptation processes
 Kovács et al., 2006 ; Webster and MacLeod, 2011 ) during encoding be-
ween the congruent and incongruent trials. Importantly, in agreement
ith our prediction we also found that the magnitude of SN negatively

orrelates with the participants’ ability to resist the interference caused
y congruent face distractors. This is in line with the results of pre-
ious research suggesting that stronger neural responses to distractors
re associated with larger distractor interference ( Clapp et al., 2010 ;
azzaley, 2011 ; Gazzaley et al., 2005 ). Taken together, our EEG results
rovide experimental support for WM-content-guided attentional selec-
ion of distractor objects sharing the memorandum category that in turn
ampers distractor resistance. It is important to note that our EEG find-
ngs are also consistent with previous theoretical and experimental re-
earch that proposed the existence of WM match filter template in sen-
ory areas ( Hayden and Gallant, 2009 ; Myers et al., 2015 ; Nobre and
tokes, 2019 ; Sugase-Miyamoto et al., 2008 ) that computes the percep-
ual similarity between incoming sensory signals and an internal tem-
late, resulting in enhanced neural responses and attentional capture of
ask-irrelevant matching stimuli. 

Our results revealed enhanced face-distractor-related fMRI responses
n the bilateral PT-IFG when face identity as compared to grating orien-
ation information had to be maintained in WM. No similar modulation
12 
as found in PT-IFG fMRI responses in the case of grating distractors,
uggesting that it is not the retro-cue-induced sustained delay response
hat leads to enhanced face-distractor-related fMRI responses in PT-IFG
n the congruent condition. Furthermore, the significant positive corre-
ation that was revealed between the right PT-IFG congruency effects
nd the participants’ behavioural distractor resistance provides addi-
ional strong support that congruency-induced PT-IFG activation might
eflect neural processes involved in the mitigation of distractor interfer-
nce. These findings are in accordance with earlier studies where using
re-cueing the authors found increased fMRI responses to congruent face
elay distractors in the vlPFC ( Dolcos et al., 2007 ; Jha et al., 2004 ) with-
ut elevated sustained delay activity in this region ( Jha et al., 2004 ) as
ell as a positive association between the congruency-induced modula-

ion of fMRI responses in this region and the participants’ overall WM
erformance during the scans. Additionally, enhanced IFG activity in
esponse to congruent visual objects was also reported in a recent retro-
ueing fMRI study ( Gayet et al., 2017 ). Several lines of experimental ev-
dence suggest that the vlPFC might play a central role in selecting task-
elevant memorandum information amidst competition ( Myers et al.,
017 ; Nee et al., 2013 ). It has been shown that while there is a consid-
rable overlap in the frontoparietal control network underlying atten-
ional selection during perception and retro-cue-induced prioritisation
f mnemonic information, the vlPFC is selectively activated in the lat-
er but not in the former case ( Lepsien and Nobre, 2007 ; Myers et al.,
017 ; Nee et al., 2013 ; Nee and Jonides, 2008 ). Furthermore, previous
esearch ( Jonides and Nee, 2006 ; Nee et al., 2013 ) provided converging
vidence for the key role of vlPFC in the resolution of proactive interfer-
nce in WM, i.e. the mitigation of the interference from previously rele-
ant material, including mnemonic representations. Although, in these
revious studies the left vlPFC was found to be more prominently acti-
ated than the right vlPFC in tasks involving prioritisation of mnemonic
epresentations and proactive interference resolution, a meta-analysis
f executive components of WM ( Nee et al., 2013 ) revealed that it is the
ight PT-IFG that showed the most consistent activations when resis-
ance of interference from intrusive irrelevant memory representations
as investigated. Interestingly, the meta-analysis failed to reveal an as-

ociation between PT-IFG (or other vlPFC regions) and mitigation of
nterference from external incongruent distractors having distinct neu-
al representation as compared to the memorandum. In this case, the
ost consistent activations related to external distractor resistance were

ound in the dorsal frontoparietal attentional control regions, including
he caudal superior frontal sulcus, superior parietal lobule and the in-
raparietal sulcus. Taken together, these previous findings suggest that
he congruency-driven activation of PT-IFG in the case of face distrac-
ors in the present study might imply that preventing interference from
rrelevant face distractors during face identity WM involves top-down
ttentional selection and protection of task-relevant mnemonic repre-
entations from the distractor representations. 

Additionally, our results also revealed that congruency effects on
T-IFG show a significant correlation with the congruency effects found
n post-stimulus periodic alpha power but not with that on the ear-
ier SN. Previous research provided converging evidence that post-
timulus alpha power reduction reflects allocation of feedback atten-
ional resources to visual information processing within the visual cor-
ex ( Itthipuripat et al., 2019 ; Scheeringa et al., 2016 ; Zumer et al.,
014 ). Moreover, stronger post-stimulus alpha power reduction is asso-
iated with enhanced stimulus processing ( Bacigalupo and Luck, 2019 ;
an Diepen et al., 2016 ; Vanni et al., 1997 ) and increased fidelity of
isual cortical perceptual and memory representations ( Griffiths et al.,
019 ). The onset of the congruency effects on post-stimulus alpha power
ime course was delayed by about 150 ms as compared to that in the
ase of SN, which is consistent with the results of previous findings
 Griffiths et al., 2019 ; Van Diepen et al., 2019 ) and suggests that post-
timulus alpha power congruency effects might reflect reactive allo-
ation of attentional resources. Additionally, similarly to the PT-IFG,
he strength of the congruency effect on post-stimulus periodic alpha
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ower showed a significant positive association with the participants’
ehavioural distractor resistance, as opposed to the negative association
ound between the magnitude of SN congruency effects and behavioural
istractor resistance. Taken together, these results suggest that congru-
ncy effect on post-stimulus alpha power might reflect top-down atten-
ional control processes originating from the PT-IFG and reactively allo-
ated to the protection and separation of memorandum representation
rom the distractor representation. 

By focusing our analysis on the IFG we did not mean to imply that
ther frontal and parietal regions could not have contributed to dis-
ractor resistance in our task conditions. In fact, we found congruency-
riven activations in the bilateral mid-dlPFC that has previously been
hown to be involved in distractor resistance ( Feredoes et al., 2011 ;
akai et al., 2002 ). However, in the current study mid-dlPFC activations
ere less prominent than those in the IFG and their location differed in

he cases of the distractor- and probe-related fMRI responses, precluding
he possibility to perform a ROI-based analysis for these regions. Addi-
ionally, a meta-analysis of external and internal distractor interference
esistance ( Nee et al., 2013 ) found modest support for the involvement
f mid-dlPFC, which according to the authors might have been due to
he fact that in the investigated studies – just as in the case of the current
tudy – all contrasts included high-level control conditions and thus ex-
erimental and control conditions were matched for demands in higher
xecutive functions (e.g. context and rule representations). 

To assess how visual cortical information processing is modulated
y congruency-driven top-down attentional processes, we investigated
MRI responses in the face-selective cortical areas, including the OFA
n the inferior occipital gyrus as well as two distinct regions of the
FA within the mid-fusiform gyrus, corresponding to pFus- and mFus-
aces (also known as FFA-1 and FFA-2) overlapping the posterior-lateral
nd anterior-lateral tip of the mid-fusiform sulcus, respectively. OFA
ight considered to be an entry node of the face recognition network
rimarily involved in the visual analysis of individual facial features,
hereas FFA is specialised for the selective coding of face identity

hrough constructing more complex holistic/configural representations
 Grill-Spector et al., 2017 ; Yovel, 2016 ). The results revealed congru-
ncy effects within the two subregions of the FFA, but not in the OFA.
urthermore, congruency effect differed between the two FFA subre-
ions. In the mFus ‐faces/FFA ‐2 – similarly to the IFG – congruency ef-
ects were present only in the case of face distractors, whereas in the
Fus ‐faces/FFA ‐1 congruency effects were present in the case of both
istractors: fMRI responses were enhanced in the case of congruent face
nd grating distractors as compared to the incongruent ones. These dif-
erences in congruency effect could be explained by the cytoarchitecton-
cal and functional differences found between the two FFA subregions
 Grill-Spector et al., 2017 ; Stigliani et al., 2019 ; Weiner et al., 2010 )
s well as by the proximity to (and thus partial overlap with) nearby
bject-selective regions in the ventral occipito-temporal cortex ( Grill-
pector et al., 2001 ) in the case of pFus ‐faces/FFA ‐1. Taken together,
hese findings imply that mFus ‐faces/FFA ‐2 might play a key role in face
dentity WM as well as suggest that modulation of information process-
ng within the visual cortex by congruency-driven top-down attentional
rocesses might take place most prominently in face-selective visual cor-
ical areas retaining the most selective mnemonic code. 

It is important to acknowledge that in both our EEG and fMRI ex-
eriments overall face identity WM performance was lower than grat-
ng orientation WM performance, raising the possibility that this might
ave affected the obtained congruency effects. However, there are sev-
ral reasons why we think this possibility can be excluded. First, we
ound SN and post-stimulus alpha power congruency effects in both face-
nd grating-distractor-related EEG activity also in our exploratory EEG
xperiment (see Supplementary text 1), even though there was no dif-
erence between face identity and grating orientation WM performance.
lthough the SN effects became only marginally significant after the fi-
al correction for multiple comparisons, all these results speak strongly
gainst an explanation that EEG congruency effects obtained in our main
13 
xperiment are based on the difference in task performance or main-
ained object category. Additionally, our previous research showed that
ask difficulty – face gender discrimination performance – does not affect
RP responses to face stimuli within the time window of the SN ( Bankó
t al., 2011 ). Second, congruency-driven fMRI response enhancements
n both the PT-IFG and the mFus ‐faces/FFA ‐2 were present only in the
ase of face but not grating distractors, suggesting that the difference
n face identity and grating orientation WM performance alone did not
odulate fMRI activity in these regions. Furthermore, we found no con-

ruency effects in the EBA, a control visual cortical area selective for the
rocessing of body images. This implies that face identity and grating
rientation WM performance differences did not affect overall visual
ortical responses to delay distractors. Third, the correlation between
MRI congruency effects and behavioural distractor resistance was re-
tricted to the distractor-related neural responses. No significant associ-
tion was found in the case of WM-content-based modulation of retro-
ue- and probe-related fMRI responses. Fourth, we performed the EEG
nd fMRI analysis selectively on the correct trials (the results are not
resented) and obtained very similar results as those found in the cases
f all trials, with a moderate effect size reduction as a consequence of
ecreased trial numbers. 

. Conclusions 

In sum, our findings reveal two top-down attentional control pro-
esses affecting distractor resistance during WM maintenance. First,
M-content-guided proactive early attentional selection of matching

istractors that is reflected in congruency-driven SN and impairs inter-
erence resistance. Second, reactive top-down attentional control pro-
esses that might be originating from the PT-IFG and are reflected in
ost-stimulus alpha power reduction. These might foster distractor re-
istance by selecting and protecting memorandum representations from
he distractor representations within visual cortical areas retaining the
ost selective mnemonic code. 
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