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Abstract

The goal of the present study was to investigate preparatory mechanisms of auditory selective attention. In two experiments,
participants performed a classification task on one of two dichotically presented spoken number words, one spoken by a female,
one spoken by a male. A cue indicated which gender participants had to attend to in the upcoming trial, so that attention switches
and repetitions occurred randomly. The cue-target interval (CTI) was either 400 ms or 1,200 ms. Stimulus onset asynchrony
(SOA) between target and distractor word varied; hence, the distractor could be presented before or after the target. In two
experiments, we found robust performance costs of attention switches. Like in previous studies using versions of this paradigm,
these switch costs were not significantly reduced by prolonged CTI, even though we found substantial general cue-based
preparation effects. The most important finding refers to the influence of SOA, showing that the general preparation effect
was greater in the condition with the distractor presented first than in the condition with the target presented first. Thus, increased
time to prepare for the attention focus of the upcoming trials seems to benefit distractor suppression more than target enhance-

ment. This occurred in switch trials and repetition trials alike, suggesting that it is a general feature of auditory attention.
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Introduction

Selecting the most relevant of simultaneously available
sources of acoustic information requires attentional control
of auditory selective attention. This is often the case when
we are surrounded by multiple speakers and we want to listen
to only one of them. We then have to select a particular speak-
er and/or ignore the irrelevant speakers (for reviews, see
Schneider, Li, & Daneman, 2007; Shinn-Cunningham,
2008). The dichotic-listening paradigm has been used exten-
sively to investigate mechanisms of auditory selective atten-
tion in these situations (see, for example, Broadbent, 1953;
Cherry, 1953; for reviews, see Bronkhorst, 2015; Hugdahl,
2011).
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In the dichotic-listening paradigm, two auditory stimuli are
presented simultaneously, one to each ear. Participants have to
attend to one of them in order to do a certain task, for example
in order to repeat what they have heard of the attended mes-
sage (“shadowing”). Early studies focused on maintenance of
auditory selective attention to one of the messages and on the
information that participants reported of the irrelevant mes-
sage. For example, in a study by Cherry (1953), participants
listened to dichotically presented speech and shadowed one of
the messages. Afterwards, they were asked what they remem-
bered of the unattended message. They were able to identify
the acoustic information from the irrelevant message as
speech and noticed changes such as the gender of the speaker,
without being able to recall much of the actual content. These
results have been interpreted as evidence for an early filter
mechanism in auditory attention. Results from the dichotic-
listening paradigm such as the one from Cherry (1953) have
had a great impact on the development of filter theories of
attention (e.g., Broadbent, 1958; see also Deutsch &
Deutsch, 1963; Treisman, 1960, 1969). There was, however,
one important methodological challenge when investigating
processing of to-be-unattended information while maintaining
auditory attention to a different stream. Participants might
have briefly shifted attention from one message to the other.
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It is thus unclear if information from the irrelevant message
was not attended to at all, or if an involuntary attention shift
took place, which made the interpretation of certain effects
difficult (see Lachter, Forster, & Ruthruff, 2004, for a review).

More recently, the dichotic-listening paradigm has been
used to investigate another important aspect of auditory selec-
tive attention: voluntary, intentional shifting between different
acoustic sources (e.g., Koch, Lawo, Feld, & Vorldnder, 2011).
Thereby, the focus was not on sustained attention and invol-
untary attention capture, but on the flexibility of allocating
auditory attention between different messages. The methodol-
ogy was adapted from the task-switching literature (see
Kiesel et al., 2010; Koch, Gade, Schuch, & Philipp, 2010;
Koch, Poljac, Miiller & Kiesel, 2018; Monsell, 2003, for
reviews).

In the study by Koch et al. (2011), two number words were
presented dichotically. One of them was spoken by a female
speaker, the other one by a male speaker. A visual cue that was
presented before the number words indicated if participants
had to attend to the female or the male speaker in order to
perform a number classification task (i.e., is the target number
smaller or greater than 5) on the attended number word
(Meiran, 1996; for reviews see, e.g., Jost, DeBaene, Koch,
& Brass, 2013; Kiesel et al., 2010). There could be so-
called auditory attention repetition trials in which the gen-
der of the to-be-attended speaker remained constant, for
example when participants had to attend to a female voice
in two subsequent trials, or so-called auditory attention
switch trials in which the gender of the to-be-attended
speaker could change, for example when participants had
to attend to a female voice after having attended to a male
voice in the previous trial. Participants responded more
slowly in switch trials than in repetition trials, they thus
showed so-called switch costs. This has been interpreted as
an effect of resolving additional interference that occurred
in switch trials compared to repetition trials. There are
methodological similarities between this approach to study
auditory attention switches and in the task-switching liter-
ature. Note that the task in the study by Koch and collab-
orators (2011), the classification task actually remained
constant while the attention focus varied. The main focus
of the study was thus on auditory attention shifting.

The paradigm used by Koch et al. (2011) also allowed
investigating congruency effects. Target and the distractor
number could belong to the same numerical category, which
is smaller or greater than 5, or belong to a different category. In
the first case, target and distractor were mapped to the same
response (congruent trials), and in the second case, target and
distractor were mapped to different responses (incongruent
trials). Performance impairments in incongruent trials com-
pared to congruent trials are called congruency effects. In
the study by Koch et al. (2011), congruency effects were quite
pronounced in the errors rates. In incorrect incongruent trials,
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it is possible that participants actually responded to the irrele-
vant stimuli instead of selecting and responding to the relevant
stimulus. The fact that the congruency effects were rather
pronounced in the error rates and less evident in the response
times (RTs) further corroborates this notion. Once the irrele-
vant stimulus was incorrectly attended to, participants did not
seem to correct for this error, as RTs were much less affected
by congruency (see Nolden & Koch, 2017, for further
discussion).

In order to explore if shifting auditory attention between
stimuli can be prepared before the onset of the stimuli, the
interval between the visual cue and the spoken number of
words was varied in previous studies (Koch et al., 2011,
Experiments 2 and 3; see also Lawo & Koch, 2015). We refer
to this interval as the cue-target interval (CTI). Variations of
the CTI aim to elucidate the intentional shifting of the atten-
tion focus and are therefore informative about cognitive con-
trol of auditory attention. If adjustments of the attention set-
tings took place before the presentation of the auditory stimuli,
increased time between the cue and the target should result in
better performance, especially in switch trials. However, while
participants responded generally faster in the long CTI condi-
tion than in the short CTI condition, specific effects of CTI on
switch costs were not consistently found. The authors sug-
gested that switch costs were thus largely attributable to
“attention inertia,” and that active processes of attention
shifting would rather take place after the onset of the acoustic
stimuli. In addition, CTI had no effect on the congruency
effects in the error rates, suggesting that participants did not
attend to the relevant stimulus more successfully when they
had more time to prepare for the next trial. This again supports
the notion of attention inertia. The fact that participants did not
seem to prepare actively for shifting auditory attention might
be to some degree modality-specific (Koch et al., 2011; Koch
& Lawo, 2014; Lawo, Fels, Oberem, & Koch, 2014; Lawo &
Koch, 2014, 2015; but see Seibold, Nolden, Oberem, Fels, &
Koch, 2018, for predictable switches). In contrast, in visual
tasks, task-switching costs can be reduced with increased CTI
(e.g., Meiran, Chorev, & Sapir, 2000; see Kiesel et al., 2010;
Koch et al., 2018, for reviews).

While a specific effect of CTI on switch costs had not been
systematically found, there are clear and substantial general
preparation benefits of CTT on RTs. For example, Koch et al.
(2011) found in two experiments that participants responded
much faster when the CTI was 1,000 ms than when it was
100 ms (RTs of 1,112 ms vs. 1,182 ms in Experiment 1, RTs of
1,063 ms vs. 1,203 ms). Since this effect is not specific to
preparing an auditory attention switch, it may be due to gen-
eral preparatory mechanisms. Specifically, attending to an au-
ditory stimulus while ignoring the distractor requires in gen-
eral two important processes (Bronkhorst, 2015).

First, acoustic information must be segregated and grouped
in order to represent auditory objects (see Bregman, 1990).
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Increased preparation time could most likely not be efficiently
used for these processes since there was always one out of
three female and one out of three male speakers in every trial,
and there was no specific information about the individual
voices available before their onset. Secondly, participants
needed to direct auditory attention to one of the speakers.
Here, the preparatory interval could have been used efficient-
ly, because the relevant gender varied and participants knew
before the onset of the number words which gender had to be
attended to. We assume that the auditory stimuli are represent-
ed gradually, i.e., not filtered in an all-or-none fashion (see,
e.g., Meiran, Kessler, & Adi-Japha, 2008), even though there
might be a strong bias in favor for the attended stimulus. It is
unclear if enhancing the target representation, or suppressing
the distractor representation, or both, are related to this pro-
cess. Recent studies using visual stimuli aimed to disentangle
the role of target enhancement and distractor suppression (see
Noonan, Adamian, Pike, Printzlau, Crittenden, & Stokes,
2016, for visual stimuli; Samson & Johnsrude, 2016, for
auditory stimuli).

In the present study, we investigated if increased prepara-
tion time before the presentation of an auditory target and an
auditory distractor had a systematic influence on target en-
hancement or distractor suppression. We therefore modified
the experimental paradigm developed by Koch and collabora-
tors (2011). In addition to using a short and a long CTI (ma-
nipulation of preparation time), we introduced variable delays
between target and distractor words to disentangle the effect of
CTI on target and distractor processing (see Holmes,
Kitterick, & Summerfield, 2018). As the stimulus that is pre-
sented first is also the one that enters the perceptual stream
first, effects in the target first condition would predominantly
reflect target processing, and effects in the distractor first con-
dition would predominantly reflect distractor processing. With
the simultaneous condition as the baseline, we investigated if
target enhancement and distractor suppression could be pre-
pared before the onset of the target stimulus. If preparation
time improved target enhancement, there should be an addi-
tional preparation benefit when the target is presented first,
thus shorter RTs in the target-first condition after a long CTI
than after a short CTI, compared to the simultaneous presen-
tation of target and distractor. If preparation time enhances
distractor suppression, there should be an additional prepara-
tion benefit when the distractor is presented first, thus shorter
RTs in the distractor-first condition after a long CTI than after
a short CTI, compared to the simultaneous presentation of
target and distractor. We thus aimed to reveal specific effects
of CTI on target and distractor processing in order to better
understand the cognitive mechanisms underlying a general
preparation benefit on RTs.

In addition, we investigated congruency effects as a mea-
sure for involuntary attention capture. Whereas the SOA ma-
nipulation aimed at specific effects of target and distractor

processing such as target enhancement or distractor suppres-
sion (once the relevant stimulus was attended to), congruency
effects, especially in the error rates, reflect the capacity to
direct attention to the relevant stimulus. We thus investigated
preparatory aspects related to two different variables related to
target and distractor processing highlighting specific aspects.
These were, on the one hand, directing attention to the to-be-
attended stimulus (congruency effects) and, on the other hand,
processing of target and distractor when attention is directed to
the target (SOA effects). We conducted two experiments: In
Experiment 1, we used three SOA levels including a simulta-
neous presentation of target and distractor, and in Experiment
2, we used a simplified version with two SOA levels.

Experiment 1

In Experiment 1, we used a variation of the auditory attention-
shifting paradigm (Koch et al., 2011). We added delays be-
tween target and distractor onset, such that the target either
preceded the distractor, or the distractor preceded the target.
The simultaneous presentation of target and distractor was
used as a baseline.

Method

Participants Twenty-five participants participated in
Experiment 1. One participant who indicated after a quarter
of the experiment that he had forgotten the instructions was
replaced by a new participant. The remaining 24 participants
had a mean age of 24 years (SD =4 years, range: 19-34 years),
16 were female, and 18 were right-handed. None of them
reported any hearing problems. All participants gave informed
consent and participated voluntarily.

Stimuli and task Visual stimuli were presented at the center of
a 17-in. monitor with white background. The participants’
distance to the screen was about 60 cm. Visual stimuli were
a black fixation cross and red feedback words (“Fehler!”,
German for “error,” or “Schneller!”, German for “faster”).
The fixation cross was presented at all times, except when
feedback or instructions were presented.

Auditory stimuli were cue tones and auditory target and
distractor words. Cue tones cued the to-be-attended gender,
such that a high-pitch tone (800 Hz) cued the female speaker
and a low-pitch tone (200 Hz) cued the male speaker. Cue
tones were 50 ms in duration with onset and offset ramps of
5-ms each. Cue tones consisted of three harmonics with de-
creasing intensity (1/number of harmonic). Target and
distractor words were eight spoken digits (1-9 without 5).
Three female speakers and three male speakers were recorded
in an anechoic chamber at the Institute of Technical Acoustics
of RWTH Aachen University. A subjective loudness
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calibration was carried out for each individual digit and for all
different speakers. The duration for all different speakers was
adjusted across the set of eight digits to be subjectively the
same, whereby a time-stretching algorithm was used to short-
en the long samples while maintaining pitch. Duration was
about 700 ms for each spoken digit (see Koch et al., 2011).
Auditory stimuli were presented dichotically via headphones
(Grundig 38629 DJ Headphones). All stimuli were presented
with E-Prime 2.0 software (Psychology Software Tools,
Pittsburgh, PA, USA).

Participants had to attend to only one of the two dichotical-
ly presented stimuli. They were asked to indicate if the target
digit (with relevant speaker gender indicated by the prior cue)
was smaller than 5 (i.e., 1, 2, 3, or 4) by pressing “y” (left
index finger). They were asked to indicate if the target digit
was greater than 5 (i.e., 6, 7, 8, or 9) by pressing “.” (right
index finger) on the computer keyboard (QWERTZ). This
mapping was constant and the same for all participants. The
irrelevant stimulus had to be ignored.

Procedure Each trial started with the cue tone (duration: 50
ms). After a cue-target interval (CTIL i.e., the time between the
onset of the cue tone and the onset of the target) of either
400 ms or 1,200 ms, the target digit, spoken by the to-be-
attended speaker, was presented to one ear. The distractor
digit, spoken by the to-be-ignored speaker, was presented to
the other ear. The mapping of ear and speaker sex varied
randomly from trial to trial, so that the gender cue did not
convey advance information about the spatial location of the
target. One of the three speakers per speaker sex was chosen
randomly in each trial. The stimulus onset asynchrony (SOA)
between target and distractor digit was one of -200 ms, 0 ms,
or 200 ms, hence the distractor onset could be before, simul-
taneously, or after the target onset. SOA varied randomly with-
in blocks. Participants had maximally 3,800 ms from target
onset to indicate if the target digit was smaller or greater than
5. In case of an error, the word “Fehler!” (German for “error”)
was displayed in red color on the center of the screen for 500
ms. In case of no response after 3,800 ms, the word
“Schneller!” (German for “faster”) was displayed in red color
on the center of the screen for 500 ms. After a silent interval
(response-cue interval, RCI) of either 1,200 ms, if the CTI was
400 ms, or after an RCI of 400 ms, if the CTI was 1,200 ms,
the next trial started (see Fig. 1). CTI and RCI thus varied
inversely. This is a common procedure in task-switching re-
search, from which we borrowed our methodology (e.g.,
Kiesel et al., 2010), and allows us to study preparation effects
independently from passive dissipation of the attention setting
of the previous trial (which would be indicated by effects of
variations of total trial duration [response-target interval] if
CTlI is kept constant; see Koch & Lawo, 2014).

Participants completed four experimental blocks of 144
trials each. CTI was varied block-wise, whereby half of the
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participants started with a CTI of 400 ms, and the other half
started with a CTI of 1,200 ms. In sum, the relevant speaker
sex, the ear and speaker sex mapping, SOA, congruency, and
the actual speaking voice varied randomly within a block, and
CTI varied between blocks. Before the experimental blocks,
participants completed two practice blocks of 24 trials each. In
one practice block, the CTI was 400 ms, in the other practice
block, the CTI was 1,200 ms. Practice block order was
counterbalanced over participants.

Participants reported demographic data before the experi-
ment and were asked about strategies after the experiment.
Participants were instructed orally and with written instruc-
tions on the computer screen. The total experiment lasted
about 40 min.

Design Independent variables were attention transition (repe-
tition, switch), CTI (400 ms, 1,200 ms), SOA (-200 ms, 0 ms,
200 ms), and congruency (congruent, incongruent).
Dependent variables were RTs, measured from target onset,
and error rate.

Results and discussion

Practice trials, the first trial of each block, and error trials were
excluded from the analysis of the RTs, as well as outliers (RT
+ 3 SD from the mean of each condition) and responses after
the end of the response window. Practice trials and the first
trial of each block were excluded from the analysis of the error
rates.

Response times We conducted a 2 x 2 x 3 x 2 ANOVA with
the within-subject variables attention transition (repetition,
switch), CTI (400 ms, 1,200 ms), SOA (-200 ms, 0 ms, 200
ms) and congruency (congruent, incongruent) on RTs (see
Fig. 2). When sphericity was violated, the Huynh-Feldt cor-
rection was applied. The ANOVA revealed a main effect of
transition, F(1,23)=22.43, p<.001, I]p2 = .49, indicating that
participants responded faster in repetition trials than in switch
trials, 1,038 ms versus 1,088 ms, thus attention switch costs of
50 ms.

There was a significant main effect of CTI, F(1, 23) =
16.66, p < .001, rlpz = .42, indicating that participants
responded faster in the CTI 1,200-ms condition than in the
CTI 400-ms condition, 1,017 ms versus 1,109 ms, thus a gen-
eral preparation benefit of 92 ms. There was also a significant
main effect of SOA, F(2, 46) = 23.64, p < .001, I]p2 = .51,
indicating that participants responded more slowly when tar-
get and distractor were presented simultaneously than when
either the target was presented before the distractor, 1,112 ms
versus 1,032 ms, #(23) =-7.60, p < .001, or when the distractor
was presented before the target, 1,112 ms versus 1,044 ms,
#23) =-5.64, p < .001. There was no significant difference in
SOA -200 ms and SOA 200 ms, #23) =-0.83, p > .41. It was
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Fig. 1 Trial Procedure. A high pitch or low pitch tone instructed
participants to either attend to the female or the male voice. After a cue-
stimulus interval of 400 ms or 1200 ms, the target number was presented.
The distractor number was presented simultaneously with the target
number (only in Experiment 1), or 200 ms before or after the target

thus advantageous if target and distractor onset varied, which
might be related to more effective mutual masking with simul-
taneous onset of target and distractor. Stream segregation may
be facilitated when the onset of two stimuli is temporally
separated (Bregman, 1990; Darwin & Carlyon, 1995). The
main effect of SOA was further qualified by a significant in-
teraction of CTT and SOA, F(2,46)=6.19, p < .01, qu =.21.

To decompose the interaction of CTI and SOA, we cal-
culated the CTI effect for each SOA condition and con-
ducted three #-tests to compare, pairwise, the CTI effect
of the three SOA conditions (see Fig. 3). Whereas there
was no significant difference in the CTI effects of SOA
0 ms and SOA 200 ms (73 ms vs. 66 ms), #23) = -0.36,
p > .72, the CTI effect of SOA -200 ms was greater than
the CTI effect of SOA 0 ms (137 ms vs. 73 ms), #(23) = -
2.91, p < .01, and also greater than the CTI effect of SOA
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Fig. 2 Experiment 1. Response times. Participants responded faster in
repetition than in switch trials. Response times were faster when the
CTI was 1200 ms than when it was 400 ms. This decrease in response
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Target-Response
Interval

number (Experiment 1 and Experiment 2). Participants indicated if the
attended number was smaller or greater than 5 by pressing one of two
buttons. After a response-cue interval of 1200 ms or 400 ms, the cue of
the next trial was presented

200 ms (137 ms vs. 66 ms), #(23) = -3.17, p < .01.
Participants thus benefited most from prolonged prepara-
tion time when the distractor was presented before the tar-
get, suggesting that preparation was most successful for
distractor processing.

The main effect of congruency was also significant, F(1,
23) = 14.63, p < .001, qu =.39. This indicated that partici-
pants responded faster in congruent trials than in incongruent
trials, 1,039 ms versus 1,087 ms, thus there was a congruency
effect of 48 ms.

All other effects were not significant, interaction of transi-
tionand CTIL: F(1,23)=1.92,p> .17, rlpz =.08; interaction of
transition and congruency: F(1, 23) = 1.14, p > .29, rlpz =.05;
interaction of SOA and congruency: F(2, 46) = 2.86, p > .06,
qu =.11; interaction of CTI, SOA, and congruency: F(2, 46)
=147, p> 24,1,” = .06. All other Fs < 1.

Distractor first

-&|ncongruent Switch

-8-Incongruent Repetition
Congruent Switch
Congruent Repetition

400 ms 1200 ms

times with increased CTI was greatest when the distractor was presented
first. The error bars represent confidence intervals (Cousineau 2005;
Morey, 2008)
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Fig. 3 Preparation effects. Difference of response times between the CTI 1200 ms and CTI 400 ms for all three SOA conditions of both experiments

Errors We conducted the same ANOVA on error rates (see Fig.
4). The ANOVA revealed a main effect of transition, F(1, 23) =
21.28, p < .001, 11p2 = 48, corroborating the results from the
response times. The main effect of congruency was also signif-
icant, F(1, 23) = 27.38, p < .001, rlpz = .54, indicating that
participants made less errors in congruent trials than in incon-
gruent trials, 2.9% versus 8.4%, thus a general congruency effect
of 5.5%. This effect was further modulated by a significant
interaction of transition and congruency, F(1, 23) = 13.51, p <
.01, 11p2 = .37, indicating that the congruency effect was smaller
in repetition trials than in switch trials, 4.0% versus 7.0%.

In addition, there was a significant interaction of SOA and
congruency, F(2,46)=5.78, p < .01, I]p2 =.20. To decompose
this interaction, we calculated the congruency effect for each
SOA condition and conducted three 7-tests to compare the
congruency effect of the three SOA conditions. Whereas there
was no significant difference in the congruency effects of
SOA 0 ms and SOA -200 ms (6.8% vs. 6.2%), #(23) = 0.58,
p > .56, the congruency effect of SOA 200 ms was smaller
than the congruency effect of SOA 0 ms (3.4% vs. 6.8%),
#23) =-2.91, p < .01, and also smaller than the congruency
effect of SOA -200 ms (3.4% vs. 6.2%), 1(23)=-2.79, p < .02.
Congruency effects were thus smallest when the target was
presented first (see Fig. 5). In general, congruency effects in
the error rates may be related to participants selecting the
wrong stimulus (see Nolden & Koch, 2017, for further
discussion).

All other effects were not significant, main effect of CTI:
F(1,23)=3.29,p> .08, 11p2 =.13; main effect of SOA: F(1.5,
34.56) =3.48,p > .05, r1p2 =.13; interaction of transition and
CTL: F(1,23)=1.19, p > .28, I]p2 = .05; interaction of CTI,
SOA, and congruency: F(1.69, 38.91) = 1.58, p > .22, r1p2 =
.06. All other Fs < 1.

To summarize, preparation effects in RTs are strongest if
the distractor is presented first, suggesting that preparation
helps to attenuate the distractor influence on the response to
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the target. In ER, this effect was not significant, suggesting
that preparation relates more to speed than to accuracy.

In comparison, in the error rates, there is no consistent
benefit of preparation, but SOA still has an effect, which is
mainly focused on the congruency effect. The congruency
effect is smaller if the target precedes the distractor, suggesting
that a head start of target processing generally reduces the
impact of distractor-based interference. Notably, this general
effect was independent of the CTI variation and thus did not
depend on preparation.

Experiment 2

We aimed to replicate the core results of Experiment 1 in a
simplified version. Instead of three SOA levels, we only used
two SOA levels in Experiment 2 by leaving out the simulta-
neous presentation (SOA = 0).

Method

Participants Twenty-four new participants participated in
Experiment 2. The participants had a mean age of 22 years
(SD = 7 years, range: 18-54 years), 21 were female, and 23
were right-handed. None of them reported any hearing prob-
lems. All participants gave informed consent and participated
voluntarily.

Stimuli and procedure All stimuli were identical to
Experiment 1. The procedure was also identical to
Experiment 1, with the exception that target and distractor
were never presented simultaneously. The total number of
trials in practice blocks and experimental blocks was identical
to Experiment 1. This increased the total number of trials per
condition, which should also increase reliability.
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Fig. 4 Experiment 1. Error rates. Participants made less errors in congruent trials than in incongruent trials, and even more so in switch trials than in
repetition trials. In addition, the congruency effect was smallest when the target was presented first. The error bars represent confidence intervals

Design Independent variables were attention transition (repe-
tition, switch), CTI (400 ms, 1,200 ms), SOA (-200 ms, 200
ms), and congruency (congruent, incongruent). Dependent
variables were RTs and errors.

Results and discussion

Practice trials, the first trial of each block, and error trials were
excluded from the analysis of the RTs, as well as outliers (RT
+ 3 SD from the mean of each condition). Practice trials and
the first trial of each block were excluded from the analysis of
the error rates.

Response times We conducted a 2 x 2 x 2 x 2 ANOVA with
the within-subject variables attention transition (repetition,
switch), CTI (400 ms, 1,200 ms), SOA (-200 ms, 200 ms),
and congruency (congruent, incongruent) on RTs (see Fig. 6).

Congruency effect (in %)
& ®© ® o N =

N
L

o

The ANOVA revealed a main effect of transition, F(1, 23) =
15.16, p < .001, qu = .40, indicating that participants
responded faster in repetition trials than in switch trials,
1,010 ms versus 1,059 ms, thus switch costs of 49 ms. In
addition, there was a significant interaction of transition and
SOA, F(1,23)=6.39,p<.02, rlpz = .22, indicating that switch
costs were greater when the target was presented before the
distractor (SOA = 200 ms) than when the distractor was pre-
sented before the target (SOA =-200 ms), 77 ms versus 22 ms.

There was a significant main effect of CTI, F(1, 23) =
28.19, p < .001, npindicating that participants responded faster
in the CTI 1,200-ms condition than in the CTI 400-ms condi-
tion, 973 ms versus 1,096 ms, thus a general preparation ben-
efit of 123 ms. As in Experiment 1, the main effect of CTI was
further qualified by a significant interaction of CTI and SOA,
F(1, 23) = 10.16, p < .01, rlpz = .31, indicating that the CTI
effect was greater when the distractor was presented first than

ol

Target first
Experiment 1

Simultaneous Distractor first

Target first Distractor first

Experiment 2

Fig. 5 Congruency effects. Difference of error rates times between incongruent and congruent trials for all three SOA conditions of both experiments
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Fig. 6 Experiment 2. Response times. Participants responded faster in
repetition than in switch trials. Response times were faster when the
CTI was 1200 ms than when it was 400 ms. This decrease in response

when the target was presented first, 156 ms versus 89 ms.
Participants thus benefited most from prolonged preparation
time when the distractor was presented before the target.

The main effect of congruency was also significant, F(1,
23) =431, p < .05, 11p2 =.16. This indicated that participants
responded faster in congruent trials than in incongruent trials,
1,017 ms versus 1,052 ms, thus there was a congruency effect
of 35 ms. The main effect was further qualified by a signifi-
cant interaction of CTI and congruency, F(1, 23) = 6.83, p <
.02, Ilpz = .23, indicating smaller congruency effects when the
CTI was long than when the CTI was short, 13 ms versus 58
ms. In addition, there was a significant interaction of SOA and
congruency, F(1, 23) = 4.73, p < .05, r1p2 = .17, indicating
smaller congruency effects when the target was presented be-
fore the distractor than when the distractor was presented be-
fore the target, 11 ms versus 59 ms.

All other effects were not significant, interaction of transi-
tion and CTIL: F(1,23)=2.57,p> .12, rlpz =.10; interaction of
transition, CTIL, and SOA: F(1, 23) = 1.05, p > .31, 1,” = .04;
interaction of transition, CTI, and congruency: F(1, 23) =
1.12, p > .30, rlpz = .05; interaction of transition, SOA, and
congruency: F(1,23)=3.16, p > .08, np2 =.12; interaction of
CTI, SOA, and congruency: F(1,23)=1.17, p > .29, qu =
.05; and the four-way interaction, F(1, 23) =3.62, p > .06, r1p2
=.14. All other Fs < 1.

Errors We conducted the same ANOVA on error rates (see Fig.
7). The ANOVA revealed a main effect of transition, F(1, 23)
=26.00, p < .001, r1p2 = .53, indicating switch costs of 2.9%.
There was a significant main effect of CTI, F(1, 23) = 6.86, p
<.02, r1p2 = .23, indicating more errors for the short CTI than
for the long CTI, 11.5% versus 10.3%. There was a significant
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times with increased CTI was greatest when the distractor was presented
first. The error bars represent confidence intervals

main effect of SOA, F(1, 23) = 26.44, p < .001, n,° = .54,
indicating more errors when the distractor was presented be-
fore the target than when the target was presented before the
target, 12.7% veresus 9.0%. There was also a significant in-
teraction of transition and CTI, F(1, 23) =6.72, p < .02, r1p2 =
.23, indicating smaller switch costs when the CTI was long
than when the CTI was short, 1.6% versus 3.8%, and thus a
switch-specific preparation benefit.

The main effect of congruency was also significant, F(1,
23) = 49.36, p < .001, qu = .68, indicating that participants
made less errors in congruent trials than in incongruent trials,
5.9% versus 15.8%, thus a general congruency effect of 9.9%.
This effect was further qualified by a significant interaction of
transition and congruency, F(1,23)=19.13,p <.01, qu =45,
indicating that the congruency effect was smaller in repetition
trials than in switch trials, 7.5% versus 12.3%.

In addition, there was a significant interaction of SOA and
congruency, F(1, 23) = 8.67, p < .01, 1,> = .27, and a signif-
icant interaction of CTIL, SOA, and congruency, F(1, 23) =
11.54, p < .01, r1p2 = .33. To decompose the three-way inter-
action, we separated the two SOA conditions and calculated
separate 2 x 2 ANOVAS with the within-subject variables CTI
(400 ms, 1,200 ms) and congruency (congruent, incongruent)
for each SOA level. When the target was presented before the
distractor, the interaction of CTI and congruency was not sig-
nificant, F' < 1. When the distractor was presented before the
target, the interaction of CTI and congruency was significant,
F(1,23)=11.60, p < .01, rlpz = .36, indicating greater congru-
ency effects when the CTI was short than when the CTI was
long, 15.5% versus 9.6%, suggesting that the impact of incon-
gruent response information coming from distractor process-
ing is attenuated when there is more preparation time.
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Fig. 7 Experiment 2. Error rates. Participants made less errors in congruent trials than in incongruent trials, and even more so in switch trials than in
repetition trials. In addition, the congruency effect was smallest when the target was presented first. The error bars represent confidence intervals

All other effects were not significant, interaction of transi-
tion and SOA: F(1, 23) =2.46, p > .13, qu =.10; interaction
of CTI, and congruency: F(1, 23) = 4.10, p > .05, I]p2 =.15;
interaction of transition, SOA, and congruency: F(1, 23) =
1.35, p > .26, 1,” = .06. All other Fs < 1.

To summarize, as in Experiment 1, preparation effects in
RTs are strongest if the distractor is presented first. In the error
rates, as in Experiment 1, the SOA effect is focused on the
congruency effect. The congruency effect is smaller if the
target precedes the distractor, suggesting that a head start of
target processing generally reduces the impact of distractor-
based interference. Hence, the main findings of Experiment 1
were replicated in Experiment 2.

General discussion

The goal of the present study was to investigate target en-
hancement and distractor suppression in auditory selective
attention. More specifically, we focused on dissociating prep-
aration of target enhancement and distractor suppression.
Participants performed a classification task on one of two
dichotically presented spoken number words, one spoken by
a female speaker, one spoken by a male speaker. A cue indi-
cated which gender participants had to attend to in the upcom-
ing trial, so that attention switches and repetitions occurred
randomly. We used a short and a long CTI to manipulate
preparation time, and we introduced variable delays between
target and distractor word to disentangle the effect of CTI on
target enhancement and distractor suppression.

Our results revealed a general preparation benefit, and we
replicated switch costs. Preparation time did not, in accor-
dance with previous studies, systematically modulate switch
costs in the RTs of either experiment. There was a modulation

of switch costs in the error rates of Experiment 2, but not of
Experiment 1. We thus found some evidence for switch-
specific preparation, but this is restricted to the error rates
and is apparently not a very robust finding, which is consistent
with previous studies on switch-specific preparation (e.g.,
Koch et al., 2011; Lawo & Koch, 2015). Importantly, in both
experiments, prolonged preparation time decreased RTs more
efficiently when the distractor was presented first, compared
to the condition with simultaneous presentation of target and
distractor (Experiment 1) or when the target was presented
first (Experiments 1 and 2). We interpret this result as suggest-
ing that advance preparation facilitates suppressing processing
of the distractor. This preparatory process must take place
before the onset of target and distractor. In contrast, prolonged
preparation time did not lead to additionally reduced RTs
when the target was presented first, compared to the baseline
condition with simultaneous onset of target and distractor in
Experiment 1. Hence, when participants had more time before
attending to one of the dichotically presented stimuli, they
seemed to prepare more efficiently for distractor suppression
than for target enhancement.

In the error rates, congruency effects, especially in switch
trials, were replicated. It thus seems as if participants selected
and responded to the irrelevant stimuli in some of these trials.
This seems to be case especially when participants are supposed
to shift the attention focus, thereby presenting further evidence
of inert auditory attention settings (see also Nolden & Koch,
2017). Congruency effects were smallest when the target was
presented first, compared to when the distractor was presented
first or when distractor and target were presented simultaneous-
ly. This may indicate that participants select the relevant stim-
ulus more successfully in this condition. Importantly, reduced
congruency effects in the target-first condition were not modu-
lated further by transition or preparation time. Participants thus
did not seem to use preparation time efficiently to select the
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relevant stimulus, so that preparation is more relevant for speed
of responding than for accuracy of attention selection.

The current experiment helped us to better understand pre-
paratory mechanisms of auditory selective attention. First of all,
our data suggest that target enhancement and distractor suppres-
sion in auditory attention might be different processes, as has
recently been shown for visual attention as well (Noonan et al.,
2016). This fits very well with the idea of a gradual represen-
tation of (auditory) stimuli (see, e.g., Meiran et al., 2008), even
though there might be a strong bias towards the attended object
in auditory attention. It is unclear how the theoretical notion of
“biased competition” (e.g., Desimone & Duncan, 1995) could
be adapted to the current auditory attention paradigm as the
current results suggest that target enhancement and distractor
suppression can be, at least partly, dissociated. Even though our
study does not provide direct evidence of the relative impor-
tance of the two processes in auditory attention, it disentangled
the role of the two processes.

We now turn to the differential effects that preparation may
have on target versus distractor processing. For a stimulus to
stand out in the perceptual stream, the representation of this
stimulus can be enhanced, the representation of distracting
stimuli can be suppressed, or a combination of both. Our results
suggest that target enhancement and distractor suppression
benefited differently from preparation. More specifically, this
could potentially be put into effect by the strengthening of a
template of the target category (e.g., the female voice). When
the distractor precedes the target, the distractor could be filtered
more efficiently than when the target precedes the distractor.
Hence, auditory objects, or some of their properties, not corre-
sponding to the template would be suppressed. In case of the
target preceding the distractor, on the other hand, response se-
lection process may be interrupted by distractor processing, and
preparation effects would be less beneficial than the other way
around (see also Chao, 2010; Ruff & Driver, 2006, for effects of
pre-cued distractor locations in vision). Alternatively, a tem-
plate of the distractor could be built and objects corresponding
to it would be suppressed. The irrelevant stimulus would in this
case be encoded (in contrast to an early effective filter) and
shortly after, disengagement of attention would follow (see
also Moher & Egeth, 2012). Even though we cannot specify
the exact mechanisms supporting the preparation of distractor
suppression, we assume that processes such as segregation and
grouping of auditory information, probably based on pitch and
timbre of the voices (Rivenez, Guillaume, Bourgeon, &
Darwin, 2008), is largely unaffected by these preparatory pro-
cesses and that they might have the most important effect once
target and distractor are represented and one of them is identi-
fied as the relevant one (see also Holmes et al., 2018).

Interestingly, the current experiments revealed that audito-
ry attention shifting does not specifically benefit from prepa-
ration, nor from specific effects of preparation and target/
distractor processing. This finding is in line with previous
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research on auditory attention shifting (e.g., Lawo & Koch,
2015; Lawo et al., 2014). We assume that auditory attention
settings are quite inert and selecting a new auditory stimulus
category for further processing (presumably categorizing,
selecting a response etc.) can only be effectuated to a minor
extent before stimulus onset. That does, however, not mean
that auditory stimulus processing cannot be prepared at all
before stimulus onset, as suggested by general preparation
benefits and the specific effects of the current study.

On a larger scale, our results seem to suggest that we are
indeed able to prepare to a certain degree how to process
upcoming auditory targets and distractors. This implies that
relevant and irrelevant stimuli are processed to a certain de-
gree and that the suppression of irrelevant stimuli is a process
we can actively prepare for. However, preparation does not
seem to prevent us from erroneously attending to the irrele-
vant stimulus in a certain number of trials, since there was
neither a reduction of error rates with increased preparation
time, nor a reduction of errors in incongruent trials compared
to congruent trials with increased preparation time. In addi-
tion, since auditory attention ultimately seems to be strongly
biased towards the attended object, the preparatory effects of
target enhancement and distractor suppression might have
augmented the bias in favor of the attended object, but only
after the relevant stimulus was actually selected. Our study is
therefore in line with previous studies that emphasized the
limited flexibility of the auditory attention system (e.g.,
Koch et al., 2011), and it provides evidence that preparation
is especially beneficial for subsequent distractor processing.

Note that our results were obtained in a dichotic listening
variant. The interpretation of our results is therefore limited to
this specific case of auditory selective attention. Target and
distractor were distinct in space and speaker category and
should hence have been perceived as distinct auditory objects.
Attending to a stimulus when competing stimuli are presented
is very common in daily life, for example when we attend to
one speaker while other people talk in the background. Other
forms of auditory selective attention are also possible, for
example when we attend to a temporally limited part of one
and the same auditory object. In these settings, auditory atten-
tion seems to be much more flexible, probably because
streaming is a little less complex (see, e.g., Nolden & Koch,
2017). The present study, however, is based on auditory atten-
tion to targets among distractors and our conclusions refer to
this special form of auditory selective attention only.

To sum up, we identified processes related to auditory target
and distractor representation that can be prepared before the
onset of the stimuli. We could show that target enhancement
and distractor suppression are different processes and that
distractor suppression can be better prepared than target en-
hancement. We further confirmed results from previous studies,
such as that there are switch costs when we switch the selection
criterion (e.g., Koch et al., 2011). Preparing for an attention
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switch seems to be rather inefficient, pointing to limited flexi-
bility of the auditory attention system. Further research is needed
to better specify the mechanisms of target enhancement and
distractor suppression as well as their relative importance in
auditory attention. Additionally, more research is needed to in-
vestigate the flexibility of different variants of auditory attention.
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