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Alpha Oscillations in the Human Brain Implement Distractor
Suppression Independent of Target Selection

Malte Wostmann, ““Mohsen Alavash, and ©“Jonas Obleser
Department of Psychology, University of Liibeck, Liibeck, Germany 23562

In principle, selective attention is the net result of target selection and distractor suppression. The way in which both mechanisms are
implemented neurally has remained contested. Neural oscillatory power in the alpha frequency band (~10 Hz) has been implicated in the
selection of to-be-attended targets, but there is lack of empirical evidence for its involvement in the suppression of to-be-ignored
distractors. Here, we use electroencephalography recordings of N = 33 human participants (males and females) to test the preregistered
hypothesis that alpha power directly relates to distractor suppression and thus operates independently from target selection. In an
auditory spatial pitch discrimination task, we modulated the location (left vs right) of either a target or a distractor tone sequence, while
fixing the other in the front. When the distractor was fixed in the front, alpha power relatively decreased contralaterally to the target and
increased ipsilaterally. Most importantly, when the target was fixed in the front, alpha lateralization reversed in direction for the sup-
pression of distractors on the left versus right. These data show that target-selection-independent alpha power modulation is involved in
distractor suppression. Although both lateralized alpha responses for selection and for suppression proved reliable, they were uncorre-
lated and distractor-related alpha power emerged from more anterior, frontal cortical regions. Lending functional significance to
suppression-related alpha oscillations, alpha lateralization at the individual, single-trial level was predictive of behavioral accuracy.
These results fuel a renewed look at neurobiological accounts of selection-independent suppressive filtering in attention.
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Although well established models of attention rest on the assumption that irrelevant sensory information is filtered out, the neural
implementation of such a filter mechanism is unclear. Using an auditory attention task that decouples target selection from
distractor suppression, we demonstrate that two sign-reversed lateralized alpha responses reflect target selection versus distrac-
tor suppression. Critically, these alpha responses are reliable, independent of each other, and generated in more anterior, frontal
regions for suppression versus selection. Prediction of single-trial task performance from alpha modulation after stimulus onset
agrees with the view that alpha modulation bears direct functional relevance as a neural implementation of attention. Results
demonstrate that the neurobiological foundation of attention implies a selection-independent alpha oscillatory mechanism to
suppress distraction. /

ignificance Statement

man, 1964), different neural implementations of suppression are
conceivable. On the one hand, suppression might be contingent
on selection, meaning that distractors outside the focus of atten-
tion are suppressed automatically (Noonan et al., 2018). On the
other hand, distractor suppression might be an independent neu-
rocognitive process (Aron, 2007) that adapts to changing charac-
teristics of the distractor even in case the focus of attention is

Introduction

Human goal-oriented behavior requires both, the selection of
relevant target information and the suppression of irrelevant dis-
traction. Although foundational theories of attention implied
some form of distractor suppression (Broadbent, 1958; Treis-
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unchanged.

The power of brain oscillations in the alpha frequency band
(~10 Hz) robustly tracks when humans shift their focus of atten-
tion between sensory modalities (Adrian, 1944; Fu etal., 2001; de
Pesters et al., 2016), to time points of anticipated target presen-
tation (Rohenkohl and Nobre, 2011; Payne et al., 2013), or to a
particular location in space (Worden et al., 2000; Sauseng et al.,
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2005; Popov et al., 2019). Because alpha power drops in brain
regions related to processing upcoming target stimuli (de Pesters
et al., 2016), and because lower alpha power correlates with in-
creased neural responses to the target (Gould et al., 2011; Wost-
mann et al., 2019b) and enhanced behavioral measures of target
detection (Thut et al., 2006), low alpha power is considered a signa-
ture of enhanced neural excitability to support target selection.

At the same time, alpha power does increase in brain regions
that process distracting stimuli. Although high alpha power is
considered a brain state of inhibited neural processing (Jensen
and Mazaheri, 2010; Foxe and Snyder, 2011; Strauf3 et al., 2014),
evidenced also by negative correlation of alpha power and brain
activity measured in functional magnetic resonance imaging (Laufs
et al,, 2003), it is unclear at present whether high alpha power con-
stitutes an independent signature of distractor suppression or a by-
product of target selection (Foster and Awh, 2018; Van Diepen et
al., 2019).

To study the contribution of alpha oscillations to attentional
selection and suppression, neuroscientists have used spatial cue-
ing of an upcoming target location under competing distraction
at another location. Across modalities, target cueing induces al-
pha power lateralization, that is, alpha power decreases in the
hemisphere contralateral to the target and increases in the ipsi-
lateral hemisphere (Haegens et al., 2011a; Bauer et al., 2012;
Ahveninen et al., 2013). Alpha lateralization bears behavioral rel-
evance: it is modulated stronger for correct than incorrect re-
sponses to the target stimulus (Haegens et al., 2011a; Wostmann
etal., 2016); and it modulates behavioral responses to the target if
participants’ endogenous alpha lateralization is stimulated tran-
scranially (magnetically: Romei et al., 2010; or electrically: Wost-
mann et al., 2018).

Critically, previous studies often confounded target and dis-
tractor location by design (Kelly et al., 2006; Wostmann et al.,
2016; van Diepen et al., 2016): whenever the target appeared on
the left, the distractor was presented on the right, and vice versa.
To unambiguously assign alpha lateralization to selection versus
suppression, it is necessary to physically decouple target and dis-
tractor location during spatial attention. Addressing this, we here
disentangled this conundrum by fixing the position of either an
auditory target or distractor stimulus in the front of the listener.
We then only varied the respective other stimulus to come from
either the left or right side.

We find that lateralized alpha power is an autonomous (i.e.,
target-independent) signature of suppression that can track the
location of the distractor. The lateralization of alpha power proves as
a reliable neural signature, separating selection from suppression
within individuals and in their underlying neural generators. Fi-
nally, the instantaneous degree of alpha lateralization after, but
not before, stimulus onset predicts trial-by-trial variations in be-
havioral accuracy for detecting small pitch changes in the target
sound.

Materials and Methods

Preregistration. Before data recording, we preregistered the study design,
data sampling plan, hypotheses, and analyses procedures online with the
Open Science Framework (https://osf.io/bv7zs). All data and analysis
code will be made available upon reasonable request.

Participants. We analyzed data of N = 33 right-handed participants
(Myge = 23.3 years; SD,,. = 3.9 years; 22 females). Data of three addi-
tional participants were recorded but excluded, because two of them had
excessive electroencephalography (EEG) artifacts and one was unable to
perform the task. Participants were financially compensated or received
course credit. All procedures were approved by the local ethics commit-
tee of the University of Libeck.
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Auditory stimuli and task setup. Task design and stimuli were adapted
from Dai et al. (2018). Because of a change in the stimulus sampling
frequency, however, duration and pitch of auditory stimuli deviated
slightly in the present study. The experiment was implemented in the
Psychtoolbox (Brainard, 1997) for MATLAB, and conducted in a sound-
proof cabin. All auditory stimuli were presented at a sampling frequency
of 48 kHz at a comfortable level of ~65 dBA.

On each trial, an auditory spatial cue (10.9 kHz low-pass filtered
Gaussian noise; 0.46 s) was presented at one location followed by two
concurrent tone sequences presented at two different spatial locations
(front, left, or right). Each tone sequence consisted of two 0.46 s complex
tones (fixed ISI of 46 ms), one low-pitch tone and one high-pitch tone.
All tones and the spatial cue were gated on and off with 92 ms cosine
ramps.

The pitch of the low-pitch tone was fixed at 192.7 Hz (including 32
harmonics) for one sequence and at 300.4 Hz (including 2 harmonics)
for the other sequence. Throughout the experiment, the fundamental
frequency of the high-pitch tone in each sequence varied in semitones
relative to the low-pitch tone using an adaptive tracking procedure (two-
up-one-down) to arrive at ~71% task accuracy (Levitt, 1971). Thus, after
one incorrect response or two subsequent correct responses the pitch
difference within each tone sequence was increased or decreased in steps
of 0.05 semitones on the next trial, respectively. The initial pitch differ-
ence for the tracking procedure was obtained from a pre-experiment
training session. The cue location (front vs side loudspeaker), the pitch
direction within each sequence (increasing vs decreasing), and the as-
signment of tone sequences to the loudspeaker locations was balanced
across trials and drawn randomly for an individual trial.

Tone sequences were presented in free field using a pair of loudspeak-
ers (Logitech, X 140). The location of a speaker could be either front or
side (i.e., 0 or =90° azimuth relative to ear-nose-ear line). Loudspeakers
were positioned at ~70 cm distance to the participant’s head. As the
main experimental manipulation, the location of the side speaker
changed between left and right across blocks of the experiment. To this
end, the experimenter moved the side speaker accordingly in the breaks
between blocks of the experiment. The other speaker was positioned in
the front of the participant throughout. There were three blocks of the
experiment with the side speaker positioned on the left side, and three
blocks with the side speaker on the right. The order of blocks was coun-
terbalanced across participants, and alternated between blocks with the
side speaker on the left versus right. Within each block a participant
completed 96 trials (each loudspeaker served as the target in 48 trials).

Experimental design. The present experimental design implemented
four conditions. In experimental blocks with the distractor fixed in the
front, the target was either on the left side (select-left condition) or on the
right (select-right condition). In blocks with the target fixed in the front,
the distractor was either on the left side (suppress-left condition) or on
the right (suppress-right condition).

Procedure. At the start of each trial, after a jittered period of ~1 s
(0.8-1.2 s), an auditory spatial cue was presented on one loudspeaker to
inform the participant about the target loudspeaker location. After a
jittered period of ~1.8 s (right-skewed distribution; median: 1.84 s; trun-
cated at 1.47 and 2.48 s) relative to cue offset, two tone sequences were
presented concurrently. Participants reported whether the tone sequence
at the target location increased or decreased in pitch and how confident
they were in this response using a response box with four buttons. Par-
ticipants were instructed to fixate a cross in the middle of the response
box throughout the experiment. Before the main experiment, a short
training ensured that participants could perform the pitch discrimina-
tion task.

EEG recording and preprocessing. The EEG was recorded at 64 active
scalp electrodes (Ag/Ag-Cl; ActiChamp, Brain Products) at a sampling
rate of 1000 Hz, with a DC-280 Hz bandwidth, against a left mastoid
reference (channel TP9). All electrode impedances were kept below ~30
k(). To ensure equivalent placement of the EEG cap, the vertex electrode
(Cz) was placed at 50% of the distance between inion and nasion and
between left and right ear lobes.

For EEG data analysis, we used the FieldTrip toolbox (Oostenveld et
al., 2011) for MATLAB (R2013b/R2018a) and custom scripts. Offline,
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Figure 1. A, During a pre-experiment eye movement task participants followed a dot, which jumped eight times from the left
to the right side on the screen, with their gaze. The grand-average ERP (at electrode F7) was computed on the EEG data projected
through one horizontal saccade component per participant (V = 33). At 8 s, participants performed an additional saccade back to
the center of the screen to read task instructions. The topographic map shows ERP amplitude (1-1.2 s) following the onset of one
saccade to the right side (electrode F7, highlighted). B, EEG data during the spatial attention task were projected through the same
horizontal saccade component for each participant as in A. Grand-average ERPs time locked to the onset of the auditory spatial cue
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suppression), we used nonparametric permu-
tation tests. The reported p value corresponds
to the relative number of absolute values of
10,000 dependent-samples ¢ statistics com-
puted on data with permuted condition labels
exceeding the absolute empirical t value for the
original data.

To determine reliability of lateralization in-
dices, we divided each participant’s trials into
three consecutive portions (each consisting of
~192 trials, with 48 trials for each condition),
followed by calculation of lateralization indices
for each portion. Next, we calculated the reli-
ability metric Cronbach’s alpha (CA) for each
lateralization index across the three portions.
The p value for CA was derived by the relative
number of permuted CAs, derived from 10,000
permutations of single-subject lateralization
indices within each one of the three portions,
exceeding the empirical CA (Prelog et al,
2009).

For the nonsignificant Spearman correla-
tion of the two lateralization indices (LI ections
Llyppression) We report the Bayes factor (BF;
computed for Kendall’s tau in the software
Jamovi). The BF indicates how many times
more likely the observed data are under the
alternative (H,) compared with the null hy-

show no obvious saccade-related activity in trials with targets or distractors on the left versus right side.

the continuous EEG data were filtered (1 Hz high-pass; 100 Hz low-pass)
and segmented into epochs relative to the onset of the spatial cue (—2 to
+65). An independent component analysis (ICA) was used to detect and
reject components corresponding to eye blinks, saccadic eye movements,
muscle activity, and heartbeat. On average 38.48% (SD: 10%) of compo-
nents were rejected. After visual inspection of EEG time-domain data,
noisy electrodes (1 electrode of 2 participants) were interpolated using
the nearest neighbor approach implemented in FieldTrip. Finally, trials
for which an individual EEG channel exceeded a range of 200 wV were
rejected. On average 568 trials (SD: 11 trials) of executed 576 trials per
participant were used for further analyses.

Analysis of neural oscillatory activity. EEG data were re-referenced to
the average of all electrodes and downsampled to 250 Hz. Single-trial
time-frequency representations were derived using complex Fourier
coefficients for a moving time window (fixed length of 0.5 s; Hanning
taper; moving in steps of 0.04 s) for frequencies 1-30 Hz with a resolution
of 1 Hz.

To quantify the impact of selection and suppression, single-trial power
representations (squared magnitude of complex Fourier coefficients)
were calculated for individual experimental conditions: select-left, select-
right, suppress-left, and suppress-right. For each participant, two later-
alization indices (LIs) were calculated on absolute oscillatory power
(Pow). The first index quantifies oscillatory signatures of target selection:

LIselection = (Powselect-left - Powselect-righl)/(Powselect-left + Powselect-right)'

Importantly, the second index quantifies oscillatory signatures of distrac-
tor suppression, which goes beyond what previous studies have analyzed:

LIsuppression = (Powsuppress—leﬂ - Powsuppressfright)/

(Powsuppress—leﬂ + Powsuppress—right)'

For statistical analyses, we followed our preregistered analysis plan
(https://ost.io/bv7zs). In brief, we averaged each LI across frequencies in
the alpha band (812 Hz), the time interval from cue onset to earliest
tone sequence onset (0—1.9 s), separately for two sets of 12 left and 12
right hemispheric occipito-parietal electrodes (TP9/10, TP7/8, CP5/6,
CP3/4, CP1/2, P7/8, P5/6, P3/4, P1/2, PO7/8, PO3/4, and O1/2). For
statistical comparisons of the LI (left vs right hemisphere; selection vs

pothesis (H,). By convention, a BF > 3 begins
to lend support to H,, whereas a BF < 0.33
begins to lend support to H,, (Dienes, 2014).

Control for saccadic eye movements. Although participants were in-
structed to keep central gaze during the entire experiment, it might be
that systematic differences in saccadic eye movements confounded the
results (Quax etal., 2019), even in an auditory attention task. To rule this
out, we inspected the EEG for independent components tuned to hori-
zontal saccadic eye movements.

Before the main experiment, each participant performed a brief eye
movement task. Participants followed a dot on the screen that jumped
eight times either vertically (up and down by ~8° visual angle) or hori-
zontally (left and right by ~8° visual angle) with inter-jump intervals of
I's. The task started with a horizontal movement trial and then alternated
between 20 vertical and 20 horizontal movement trials.

Trials of the eye movement task were segmented into epochs relative to
the onset of the first jump of the dot (—1 to +10's). An ICA was used to
extract one component for horizontal eye movements for each partici-
pant (vertical eye movements were not considered further in this study).
The event-related potential (ERP) across all participant’s horizontal eye
movement components clearly differentiated between saccades to the left
versus right side (Fig. 14).

To control for potential confounds of horizontal saccadic eye move-
ments in the EEG data of the spatial attention task, we projected each
participant’s raw task data (with no trials rejected) through the horizon-
tal eye movement component, followed by computation of the ERP. For
statistical analysis, we performed two cluster-based permutation tests to
contrast the ERP during trials of the spatial attention task (0—4 s) for
target selection on the left versus right side and distractor suppression on
the left versus right side, respectively. In essence, these cluster-based
permutation tests cluster ¢ values of adjacent bins in time-electrode space
(minimum cluster size: 3 adjacent electrodes) and compare the summed
t statistic of the observed cluster against 10,000 randomly drawn clusters
from the same data with permuted condition labels. The p value of a
cluster corresponds to the proportion of Monte Carlo iterations in which
the summed ¢ statistic of the observed cluster is exceeded (two-sided
testing; alpha level of 0.05).

ERPs of task data projected through the horizontal eye movement
component did not show differences between experimental conditions
(Fig. 1B). Cluster permutation tests revealed no significant differences in
the ERP for selection of targets on the left versus right side (all cluster p
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values > 0.19) or suppression of distractors on
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FieldTrip. A standard head model (boundary
element method; 3-shell) was used to calculate
leadfields for a grid of 1 cm resolution. Spatial
filters were calculated from the leadfield and
the cross-spectral density of Fourier trans-
forms centered at 10 Hz with =2 Hz spectral
smoothing in the time interval 0-1.9 s relative
to cue onset. For each participant, two spatial
filters were calculated to source-localize LI ocion
and LI, ession> Dased on all trials with the tar-
get or distractor on the side, respectively. The
spatial filter for LI ..on Was used to localize
alpha power separately for select-left and
select-right trials, followed by calculation of
the lateralization index LI, yon O the source
level (and accordingly for LI, esion)- Finally,
source-level LIs were averaged across participants and mapped onto a
standard brain surface.

Combined behavioral and EEG data analysis. Single-trial EEG and be-
havioral data were matched. Because of a few missing EEG triggers, one
participant’s data were excluded from behavioral analyses. For remain-
ing N = 32 participants, an average of 523 trials was used. Behavioral data
were analyzed using mixed-effects models implemented in the fitlme
function for MATLAB. The response variable of interest was single-trial
confidence-weighted accuracy, derived by transformation of binary
accuracy into 1 and 1/3 for correct responses with respective high and
low confidence, and into —1 and —1/3 for incorrect responses with
respective high and low confidence (Wéstmann et al., 2015). As pre-
dictors, we used the titrated pitch difference (within both tone se-
quences), congruency of pitch direction across the two tone
sequences (congruent versus incongruent), location of lateralized
loudspeaker (left vs right), and role of lateralized loudspeaker (target
vs distractor), with participant as a random intercept term, resulting
in the linear-model expression: Confidence-weighted accuracy ~ 1 +
Titrated pitch difference + Congruency of pitch direction X Location
of lateralized loudspeaker X Role of lateralized loudspeaker + (1|Par-
ticipant ID)

To model the relation of alpha lateralization and confidence-weighted
accuracy, we included single-trial alpha lateralization (LI, i) before
tone sequence onset (0—1.9 s) and for a 1 s time window moving in 0.1 s
steps through a trial as predictors in separate linear mixed-effects models.
Single-trial alpha power lateralization was quantified as the contrast of
alpha power (obtained via Fourier transform using multi-tapering at 10
Hzwith 2 Hz spectral smoothing) at 12 parieto-occipital left-minus-right
hemispheric electrodes:

Figure 2.

A, Trial design. Presentation of a broadband auditory cue (0-10.9 kHz; 0.46 s) was followed by a jittered silent
interval (1.47-2.48 ). Next, two tone sequences, each consisting of two brief (0.46 s) complex tones, were presented at different
locations (front, left, or right). Fundamental frequencies of low-frequency tones within each sequence were fixed at 193 and 300
Hz. Frequencies of high-frequency tones were titrated throughout the experiment. Participants had to judge whether the target
tone sequence at the cued location had increased or decreased in pitch. Participants also indicated confidence in their judgment
(high, outer buttons; low, inner buttons). B, Time-frequency representation of oscillatory power (relative to a pre-trial baseline;
—0.5to 0's; in decibel change), averaged across N = 33 participants and all (64) scalp electrodes. C, Thin purple lines show
single-subject alpha power (8 —12 Hz) time courses; thick black line shows average; topographic map shows average 8 -12 Hz
power from 0 to 1.9 s (gray box). D, Bars show average confidence (Conf)-weighted accuracy as a function of the pitch difference
between the two tones within each tone sequence (divided into 4 bins for each participant for visualization), which was titrated
over the course of the experiment. Dots show single-subject data. E, Bars and error bars show average =1 between-subject SEM
of confidence-weighted accuracy, separately for congruent trials (both tone sequences increasing/decreasing in pitch; blue) and
incongruent trials (one tone sequence increasing and other decreasing in pitch; red).

LIsingle-trial = (Powleﬁ-electrodes - Powright-electrodes)/

(Powlcft-clcctmdcs + Powright-clcctmdcs)-

Results
Participants (N = 33) performed a spatial pitch-discrimination
task (Fig. 2A; adopted from Dai et al., 2018). The loudspeaker
setup changed blockwise between front-and-left or front-and-
right, with one of the two loudspeakers serving as target and the
other as distractor on each trial. A cue tone in the beginning of
each trial indicated the location of the target loudspeaker. Partic-
ipants had to report whether the ensuing tone sequence at the
target location increased or decreased in pitch. A distracting tone
sequence was presented simultaneously by the other loudspeaker.
As commonly observed in auditory attention tasks (Wost-
mann et al., 2015, 2017a; Henry et al., 2017), power in the alpha
frequency band (8—12 Hz) at parietal electrodes relatively in-
creased after trial onset and decreased in the end of a trial before
participants performed a behavioral response (Fig. 2B,C).

Behavioral results

To avoid ceiling and floor performance, the pitch difference
within both tone sequences was titrated throughout the experi-
ment (average pitch difference = 0.339 semitones; between-
subject SD = 0.524), using an adaptive procedure to target a
proportion of ~0.71 correct responses. Average proportion cor-
rect was 0.715 (between-subject SD: 0.044) and average response
time was 0.955 s (between-subject SD: 0.523). We modeled single-
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Figure3. A, Schematicillustration of task setup in select-left and select-right trials. B, Topographic map and cortical surfaces show the lateralization index to contrast select-left and select-right

trials under fixed distraction from the front (Ll jection)-
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=1 between-subject SEM, and single-subject differences of LI for highlighted parieto-occipital electrodes on the left versus right hemisphere, respectively. €, D, Same as A and B, but for the LI for

suppression of lateralized distractor stimuli (LI ). *p << 0.05, ***p < 0.001.

suppression:

trial confidence-weighted accuracy on predictors titrated pitch differ-
ence (within both tone sequences), congruency of pitch direction across
target and distractor tone sequence (congruent versus incongruent),
location of lateralized loudspeaker (left versus right), and role of later-
alized loudspeaker (target versus distractor).

Confidence-weighted accuracy increased if the pitch differ-
ence between the tones within each sequence (target and distrac-
tor) was larger (Fig. 2D; 4049y = 10.031; p < 0.001), if tone
sequences were congruent in pitch direction (Fig. 2E; t(;5949) =
8.572; p < 0.001), and if the target loudspeaker was on the side
compared with front (main effect role of lateralized loudspeaker:
teoa9) = —5.622; p < 0.001), which agrees with a previous study
that used a similar task design (Dai et al., 2018). The latter effect
was driven by incongruent trials, evidenced by the congruency X
role of lateralized loudspeaker interaction (#;5949y = 2.764; p =
0.006). The location X role of lateralized loudspeaker interaction
approached statistical significance (f;5949y = 1.803; p = 0.071),
which speaks to a tendency of higher confidence-weighted accu-
racy for target selection on the left versus right but for distractor
suppression on the right versus left.

Alpha lateralization tracks target location independent

of distractor

We tested whether alpha power would track the spatial location
of the to-be-selected target stimulus (left vs right) under fixed
distraction from the front. To this end, we contrasted alpha
power during the anticipation of tone sequences (0—1.9 s) for
trials with a target on the left versus right side (Fig. 3A, B). Alpha
power relatively increased in parietal, occipital, and inferior tem-
poral regions in the hemisphere ipsilateral to the cued target lo-

cation and decreased contralaterally. Accordingly, the LI ..on at
left-minus-right parieto-occipital electrodes was significantly
positive [Clys = (0.033, 0.06); permutation p < 0.001].

Alpha lateralization tracks distractor location independent

of target

The most important objective of the present study was to test
whether lateralized alpha power contains also a neural signature
of distractor suppression, independent of target selection. To test
this, we contrasted alpha power for trials with the target stimulus
fixed in the front but with an anticipated distractor on the left
versus right side (Fig. 3C,D). As predicted, the location of a to-
be-suppressed distractor modulated alpha power orthogonally to
target selection: alpha power relatively increased in parietal,
posterior temporal, and frontal lobe regions in the hemisphere
contralateral to the distractor and decreased ipsilaterally. Accord-
ingly, the LI, pression at parieto-occipital electrodes on the left
versus right hemisphere was significantly negative [Cly; =
(—0.03, —0.002); permutation p = 0.0202].

Having established EEG signatures of target selection (LI jection)
and distractor suppression (LIy,ppression)> We tested reliability of
these signatures. Only if they are sufficiently reliable, meaning
that results on repeated tests correlate positively, any relation or
difference between the two signatures can be interpreted in a
meaningful way. We divided each participant’s data into three
consecutive portions and found significant positive values of the
reliability metric CA of alpha lateralization for target selection
(Lligections CA = 0.602; permutation p = 0.001) and distractor
suppression (LI, pressions CA = 0.522; permutation p = 0.006).
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Alpha signatures of selection and A
suppression operate independently
As for a potential hierarchy between alpha
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LIsuppression, Llselection
(left-right hemisphere)

-0.1 0 0.1

mechanisms of selection versus suppres-
sion, we tested whether anticipation of to-
be-selected targets induces stronger alpha
lateralization than anticipation of to-be-
suppressed distractors. The data speak
clearly in favor of this hypothesis: the
hemispheric difference in alpha lateraliza-
tion (LI; Fig. 3, bar graphs) was signifi-
cantly more positive for LI .on than it
was negative for Ll,presion [Clos =
(0.008, 0.053); permutation p = 0.005].

We then asked, to what extent alpha
lateralization for target selection and dis-
tractor suppression would relate. If the
two neural signatures instantiate the same
underlying cognitive faculty, participants
with stronger alpha lateralization for tar-
get selection should show stronger alpha
lateralization for distractor suppression as
well. This would result in more positive
Ll gection Deing accompanied with more
negative LI, ession and thus in a negative
correlation. To the contrary, LI .o, and
Ll yppression Were not significantly corre-
lated (Fig. 4A; rspeapman = 0.153; p =
0.393; BF = 0.294). Thus, alpha lateraliza-
tion for target selection and distractor
suppression can be considered two largely
independent neural signatures.

Next, we tested whether alpha lateral-
ization for target selection and distractor

pants
Llselection)

Partici
(sorted for

FIT N TEEET T T TR TR T R TR ER TN T T IaT

it

LIsuppression (LH-RH)

Llselection (LH-RH)

|

3 2.5
=M E
U wn (@)
QU c
Ry N
Y o [ o
3 wv
) o
S

d E

—~

s QO

@ S

—1 ©

B

EN

o

c

c |
= = -
(;), o e
v - ﬁ
IO, R
x4
ij?—fn =
wn A _25

suppression might be implemented by
different neural generators. To this end,
we focused on differences in spatial distri-
bution but not strength or direction of the
hemispheric difference of alpha power

Figure4. A, Barsshowsingle-subject alpha lateralization indices at left minus right parieto-occipital electrodes (pink, Ll giection:
blue, Llyyppression) 0rted for Llgjecign- Inset shows scatterplot for Llgjecgign aNd Llgygpressions With least-squares regression line
(Spearman rho = 0.153; p = 0.393). B, Normalization of lateralization indices on the source-level was accomplished by
z-transformation of single-subject lateralization indices, followed by taking the magnitude. Brain surfaces show zstatistics derived
from dependent-samples ¢ tests for the contrast of normalized lateralization indices: Llgjecrion norm VersuS Llpression_norm: Z
statistics on brain surfaces are masked in case |Z| << 1.96, corresponding top > 0.05 for two-sided testing (uncorrected). Top, back

modulation. We z-transformed each par-
ticipant’s lateralization indices, followed
by taking their magnitudes (Llijection_norm a0d Llgyppression_norm)-
Indeed, neural generators of selection and suppression differed
significantly: target selection was driven by relatively stronger
alpha power modulation in parieto-occipital cortex regions, pri-
marily in the left hemisphere (Fig. 4B, pink regions). Conversely,
neural generators of distractor suppression were modulated rel-
atively stronger in more widespread, right superior and inferior
parietal, inferior temporal, superior frontal, and middle frontal
cortex regions (Fig. 4B, blue regions).

Single-trial alpha lateralization predicts task performance

To test our hypothesis that lateralized alpha power predicts task
performance, we added single-trial alpha lateralization (LI,
wial) before the onset of tone sequences (0-1.9 s) to the set of
predictors used in the analysis of behavioral results (Fig. 2D, E).
Relatively higher left-than-right hemispheric alpha power should
be beneficial in select-left and suppress-right trials but detrimen-
tal in select-right and suppress-left trials, reflected in a location X
role of lateralized loudspeaker X alpha lateralization interaction.
Against what we had hypothesized, this interaction was clearly
nonsignificant (¢(;594;) = 0.002; p = 0.999). However, when we
used single-trial alpha lateralization for successive time intervals

view; bottom, front view. LH, left hemisphere; RH, right hemisphere.

throughout a trial as predictors (in separate mixed-effects mod-
els) in an exploratory follow-up analysis, we found a weak but
significant location X role of lateralized loudspeaker X alpha
lateralization interaction only in a late time window in the end of
tone sequence presentation (3.1-3.4 s; Fig. 5A4). The interaction
was driven by trials with the lateralized loudspeaker on the right
side (Fig. 5B): in line with the proposed inhibitory role of alpha
power, relatively higher left-hemispheric alpha power improved
suppression of distractors on the right but impaired selection of
targets on the right.

Discussion

The present study tested whether the human brain implements a
mechanism of distractor suppression that is independent of
target selection. Results show that this is the case. Under fixed
presentation of auditory targets in the front, anticipation of to-
be-suppressed distractors on the left versus right side induced
contralateral increase and ipsilateral decrease of alpha power.
Alpha lateralization for target selection and distractor suppres-
sion were not only opposite in direction but we demonstrate here
that the two are reliable and independent neural signatures gen-
erated in partly distinct underlying neural networks. Exploratory
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Neural implementation of target selection
and distractor suppression

In line with the prevalent model of alpha
power as a signature of neural inhibition
(Jensen and Mazaheri, 2010; Foxe and

Snyder, 2011; Strauf$ et al., 2014), rela-
tively high alpha power in the hemisphere
contralateral to a distractor indicates sup-
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Figure 5.

show =1 between-subject SEM. LH, left hemisphere; RH, right hemisphere.

analysis of the relation between alpha lateralization and behav-
ioral task performance supports the view that alpha power mod-
ulation following stimulus onset controls the readout of sensory
objects that compete for attention.

Alpha lateralization is an autonomous signature of

distractor suppression

The most important result of the present study was significant later-
alization of alpha power in anticipation of distractors on the left
versus right side in case the focus of attention was fixed to the front
(Fig. 3C,D). This finding confirms our preregistered hypothesis of
alpha lateralization as a neural signature of target-independent (i.e.,
autonomous) distractor suppression (https://osf.io/bv7zs).

Although neuroscience has previously shown that alpha oscil-
lations represent an inhibitory signal that correlates with sup-
pressed neural firing (Haegens et al., 2011b; Jensen et al., 2012),
we demonstrate here that alpha power constitutes inhibition also
in a psychological sense (Aron, 2007): it signifies a participant’s
intention to ignore distracting sensory information. Our results
clearly challenge the view that alpha oscillations are not involved
in distractor suppression (Foster and Awh, 2018) and instead
show that lateralized alpha power adapts to the location of antic-
ipated distraction independent of selecting a target at a fixed
location.

Participants in the present study made use of alpha power
lateralization, although in opposite direction, to implement tar-
get selection versus distractor suppression. In this sense, alpha
power is a neural signal that implements the psychological con-
struct of an attentional filter (Lakatos et al., 2013; Wostmann et
al., 2016) to coordinate the interplay of selection and suppres-
sion. Because alpha responses for selection and suppression were
reliable and uncorrelated, we consider these neural responses
traits that allow to place a participant’s instantiation of the atten-
tional filter in a two-dimensional space defined by neural target
selection and distractor suppression (Fig. 4).

In theory, separation of competing target and distractor can
be achieved by target enhancement or by distractor inhibition. So
why should the human brain implement both of these mechanisms
if one would suffice? For any biological system, the magnitude of
response has a limited dynamic range. Attentional selection can only
enhance neural processing of the target to a finite extent. Thus,
a dual mechanism that additionally implements distractor sup-
pression is able to effectively double the separation of target and
distractor (Houghton and Tipper, 1994).

o LH<RH «— > a LH>RH

Single-trial alpha lateralization at 3.1 s

A, Black solid line shows trace of t values for the location X role of lateralized loudspeaker X single-trial alpha
lateralization interaction obtained from multiple linear mixed models. Dashed lines indicate significance thresholds (alpha =
0.05; uncorrected). B, Visualization of significant location X role of lateralized loudspeaker X alpha lateralization interaction at
alatency of 3.1s. For each participant and experimental condition, single-trial alpha lateralization values (Ll e.qiq; quantifying
left-vs-right hemispheric alpha power) were separated into four bins, followed by fitting a linear slope to average confidence
(Conf)-weighted accuracy as a function of increasing bin number. Lines show average across single-subject linearfits, shaded areas

pression, while low alpha power con-
tralateral to a target indicates selection.
Previous studies, which tied spatial loca-
tions of target and distractor by present-
ing either one left and the other right,
likely observed a superposition of two un-
derlying lateralized alpha responses that
we separated in the present study.

Evidence for the involvement of alpha
oscillations in neural processing of dis-
traction comes also from studies that
found alpha power modulation associated
with changing features of the distractor, such as its acoustic qual-
ity (Wostmann et al., 2017b), visual similarity to the target (Bon-
nefond and Jensen, 2012), the number of distractors (Sauseng et
al., 2009), or continuous luminance changes in the distractor (Jia
et al., 2019). The design of the present study allowed us to trace
and contrast the neural sources of lateralized alpha responses for
target selection and distractor suppression, which were promi-
nent in superior and inferior parietal cortex region that are part of
the dorsal attention network (Sadaghiani et al., 2010) and in-
volved in coding spatial locations of stimuli in the environment
(Colby and Goldberg, 1999).

The apparent absence of alpha lateralization in auditory cor-
tex regions is not unusual for auditory spatial attention tasks
in the EEG (Tune et al.,, 2018). Attentional modulation of alpha
power in auditory cortex regions has been demonstrated mainly
using brain imaging methods with high spatial specificity such as
Magnetoencephalography (Wéstmann et al., 2016) or intracra-
nial recordings (Gomez-Ramirez et al., 2011). Since the net EEG
signal is dominated by widespread parieto-occipital alpha power,
sophisticated analyses procedures such as the subtraction of visually-
and haptically-induced alpha modulation from auditory-induced
alpha modulation (Spitzer et al., 2014) are necessary to reveal
dominant sources of alpha modulation in auditory cortex re-
gions. Furthermore, similar patterns of EEG alpha power lateral-
ization in parietal cortex regions have been found for spatial shifts
of visual but also auditory attention (Banerjee et al., 2011), sug-
gesting that parietal alpha modulation is a signature of supra-
modal spatial attention. In this respect, it is likely that parietal
alpha power lateralization in the present study reflects the alloca-
tion of supramodal attention rather than unimodal auditory at-
tention alone.

Compared with target selection, distractor suppression in-
duced relatively stronger alpha modulation in distributed regions
including parietal, and (pre-) frontal cortex (Fig. 4). Such a pat-
tern of frontal and parietal activations, termed multiple-demand
system, has been found involved in a multitude of cognitively
challenging tasks (Duncan, 2010). In particular, prefrontal cortex
is a source of executive control (Miller and Cohen, 2001; Sad-
aghiani and Kleinschmidt, 2016), which is crucial for the orches-
tration of different neural processes to implement attention.
Prefrontal cortex involvement in distractor suppression has also
been evidenced by its relation to performance in tasks requiring
cognitive control, such as the Stroop task (Vendrell et al., 1995).
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Our results thus help integrate the lateralized neural alpha re-
sponse to distraction into models of prefrontal cortex involve-
ment in inhibitory cognitive control.

It is of note that direct comparison of target selection and
distractor suppression is somewhat limited in the present study.
A bottom-up auditory cue drew attention to the target, whereas
participants had to infer that the distractor would occur at the
non-cued location. Furthermore, in theory, it might be possible
that lateralized alpha oscillations code the relative position of the
target with respect to the distractor, which was the same (i.e., 90°
to the left) in select-left and suppress-right trials. However, our
results clearly speak against this, because alpha lateralization for
target selection and distractor suppression were not only differ-
ent in strength and source origin, but were also uncorrelated.

Behavioral relevance of the lateralized alpha response

Against what we had hypothesized, we did not find a significant
relation of single-trial alpha lateralization before stimulus pre-
sentation and task performance (for a study that recently re-
ported such a relation in a different task setting, see Dahl et al.,
2019). In previous studies, we observed that the strength of the
relation of alpha power modulation and behavior varied consid-
erably between task settings, with some studies finding robust
relations (Wostmann et al., 2015, 2016), whereas others found
weak (Wostmann et al., 2019a) or no such relation (Wdstmann et
al., 2017b).

In an exploratory follow-up analysis we found that alpha lat-
eralization after the onset of competing tone sequences predicted
single-trial pitch discrimination performance, although the
relation was relatively weak. There is an ongoing debate whether
alpha lateralization is a purely proactive mechanism of atten-
tional control to prepare for upcoming target and distractor, or
whether alpha lateralization also has the potency to reactively
select the target and to suppresses the distractor after these have
been encoded (for review of proactive and reactive mechanisms,
see Geng, 2014).

Our results differentiate proactive and reactive accounts of
attention: the observed alpha power lateralization before com-
peting tone sequences speaks to alpha lateralization as a signature
of proactive attentional control. However, prediction of pitch
discrimination performance only by poststimulus alpha lateral-
ization signifies the behavioral relevance of lateralized alpha
power as a mechanism of reactive attentional control (Wost-
mann et al., 2016).

Conclusion

Although well established models of attention rest on the as-
sumption that irrelevant sensory information is filtered out, the
neural implementation of such a filter mechanism is unclear.
Using a task design that decouples target selection from distractor
suppression, we demonstrate here that two independent lateral-
ized alpha responses reflect target selection versus distractor sup-
pression. These alpha responses are sign-reversed, reliable, and
originate in more frontal, executive cortical regions for suppres-
sion than selection. Furthermore, lateralized alpha power pre-
dicts participants’ accuracy in the judgment of a pitch change in
the target stimulus. These findings support so-called “active sup-
pression” models of attention, in which suppression is not a nec-
essary byproduct of selection but an independent neurocognitive
process.
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