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Abstract

■ In mixed-features search tasks, the target-defining feature
changes unpredictably across trials. Responses are faster when
the same feature is repeated across successive trials. This effect,
known as intertrial priming of pop-out (PoP), suggests that the
selection of a perceptually salient singleton target is modulated
by the properties of the preceding search array. To investigate
whether PoP can be observed in touch, we developed a mixed-
features search task in which a singleton target was presented
simultaneously with three homogeneous distractors to the
index and middle fingers of the left and right hands. The
target-defining vibrotactile frequency varied across trials (either
a high-frequency target among low-frequency distractors or vice
versa) so that on half of the trials, the singleton frequency was

repeated on successive trials, while on the other half, it was
alternated. To investigate the presence and the mechanisms
underlying PoP in touch, behavioral and ERPs were recorded.
Specifically, the N140cc component was used as a marker of
spatial selective attention in touch. In line with visual search
studies, improved performance for both RTs and accuracy
was observed when the singleton target feature was repeated
across trials than when it was alternated. Importantly, the
N140cc component showed larger amplitudes on repetition
compared with change trials, demonstrating that the attentional
selection of a tactile target was modulated by PoP. Results dem-
onstrate for the first time that PoP effects emerge also during
the search for a tactile target. ■

INTRODUCTION

In visual search tasks, participants have to find a relevant
target among irrelevant distractors. The time necessary to
find the target depends on several factors, including the
physical salience of the items in the array, their number
and the task requirements, and the constancy of their fea-
tures across trials. For example, in “mixed-features search
task,” a singleton target is presented among homoge-
neous distractors. However, the target-defining feature is
not fixed but swaps unpredictably with the distractors fea-
ture across trials (a red target among green distractors or a
green target among red distractors; e.g., Bacon & Egeth,
1994; Bravo & Nakayama, 1992). In these tasks, partici-
pants prioritize the item that differs from the others along
a specific dimension, directing attention to the location in
the array with the strongest local feature contrast (single-
ton detection mode; e.g., Bacon & Egeth, 1994;
Theeuwes, 1992). Larger distractors numbers are assumed
to amplify the saliency of the target because of increased
target-distractors local contrast (Wolfe, 1994; Bravo &
Nakayama, 1992; Sagi & Julesz, 1987) and/or stronger spa-
tial grouping between distractors (Bacon & Egeth, 1991),
resulting in improved search performance.
In addition to bottom–up and top–down factors, search

performance is impacted by selection history—the

presentation of a particular sequence of trials—which
increases the likelihood of attending to stimuli sharing
the feature of a previously attended stimulus (e.g., Luck,
Gaspelin, Folk, Remington, & Theeuwes, 2021; Failing &
Theeuwes, 2018; Tseng, Glaser, Caddigan, & Lleras,
2014; Awh, Belopolsky, & Theeuwes, 2012; see Anderson
et al., 2021, for a recent review). In mixed-features search
tasks, performance is significantly improved when the tar-
get feature is repeated across consecutive trials, compared
with when it changes (e.g., Maljkovic & Nakayama, 1994).
This intertrial repetition effect known as priming of
pop-out (PoP) has been observed across different tasks
and stimulus features (e.g., Becker, 2008; Huang, 2004;
Hillstrom, 2000; Maljkovic & Nakayama, 1994).

The mechanisms responsible for PoP and the specific
processing stage(s) impacted by this priming effect have
been widely debated. Many researchers support the view
that PoP emerges from a facilitation of the target atten-
tional selection driven by the repetition of the target fea-
ture across consecutive trials (visual selection accounts;
e.g., Martini, 2010; Becker & Horstmann, 2009; Lee,
Mozer, & Vecera, 2009; Müller & Krummenacher, 2006;
Kristjánsson, 2006; Maljkovic & Martini, 2005; Wolfe,
Butcher, Lee, & Hyle, 2003; Chun & Nakayama, 2000).
Conversely, proponents of postselection accounts claim
that PoP emerges after the target is found. Some posit that
memory mediates PoP, specifically the retrieval from epi-
sodic memory of the search-relevant events on the

1University of Modena and Reggio Emilia, 2University of
Bologna

© 2025 Massachusetts Institute of Technology. Published under a
Creative Commons Attribution 4.0 International (CC BY 4.0) license.

Journal of Cognitive Neuroscience 38:4, pp. 631–644
https://doi.org/10.1162/JOCN.a.2400

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
d
i
r
e
c
t
.
m
i
t
.
e
d
u
/
j
o
c
n
/
a
r
t
i
c
l
e
-
p
d
f
/
3
8
/
4
/
6
3
1
/
2
5
6
0
0
0
7
/
j
o
c
n
.
a
.
2
4
0
0
.
p
d
f
 
b
y
 
U
N
I
V
E
R
S
I
T
A
 
D
E
G
L
I
 
S
T
U
D
I
 
D
I
 
B
O
L
O
G
N
A
 
u
s
e
r
 
o
n
 
2
5
 
M
a
r
c
h
 
2
0
2
6

https://orcid.org/0000-0002-7220-6337
https://orcid.org/0000-0003-2575-9729
http://crossmark.crossref.org/dialog/?doi=10.1162/JOCN.a.2400&domain=pdf&date_stamp=2026-3-11


previous trial (e.g., Huang, 2004; Hillstrom, 2000). Others
suggest that PoP is determined by the repetition of the
association between the target feature and a specific
response (e.g., Theeuwes, Reimann, & Mortier, 2006;
Mortier, Theeuwes, & Starreveld, 2005; Cohen & Magen,
1999). More recently hybrid accounts have tried to inte-
grate both visual selection and postselection accounts,
suggesting that PoP may impact both earlier and later
stages of visual search (Yashar, 2013; Yashar & Lamy,
2011; Lamy, Yashar, & Ruderman, 2010; Meeter & Olivers,
2006).

Neuroimaging evidence shows that PoP modulates a
network of areas associated with top–down attentional
control—including the FEFs, the bilateral intraparietal
sulci, the ACC, and the posterior parietal cortex—as well
as visual areas involved in the processing of relevant
features (Brinkhuis, Kristjánsson, Harvey, & Brascamp,
2020; Rorden, Kristjànsonn, Revill, & Saevarsson, 2011;
Kristjánsson, Vuilleumier, Schwartz, Macaluso, & Driver,
2007). Importantly, direct evidence that the effects of
PoP impact early visual processing stages comes from psy-
chophysiological studies in humans measuring the N2pc
component in PoP tasks (e.g., Tay, Harms, Hillyard, &
McDonald, 2019; Christie, Livingstone, & McDonald,
2015; Eimer, Kiss, & Cheung, 2010; Olivers & Hickey,
2010). The N2pc is an enhanced negativity contralateral
to the target side, considered the correlate of the atten-
tional selection of visual targets. Specifically, it marks the
moment when attention is focused on potentially task-
relevant items after the initial preattentive processing of
the array (e.g., Christie et al., 2015; Woodman & Luck,
1999; Eimer, 1996; Luck & Hillyard, 1994). In mixed-
features search tasks, the N2pc component is elicited ear-
lier and has larger amplitudes on repetition compared
with change trials (Tay et al., 2019; Christie et al., 2015;
Eimer et al., 2010; Olivers & Hickey, 2010), demonstrating
that PoP effects already modulate early processing stages
(see also Westerberg, Maier, Woodman, & Schall, 2020;
Bichot & Schall, 2002, for converging physiological results
in monkeys).

While this body of work shows that PoP facilitates the
attentional selection of the target, the exact mechanisms
through which priming modulates visual attention remain
controversial (see Ramgir & Lamy, 2022; Westerberg &
Schall, 2021, for reviews). For example, some researchers
suggest that PoP impacts directly the relative priority weight
assigned to different items in the search array (attentional
guidance), biasing the weight of the repeated target feature
(e.g., Wolfe, 2021; Theeuwes, 2018; Awh et al., 2012; Müller,
Töllner, Zehetleitner, Geyer,&Rangelov, 2010; Kristjánsson,
2006; Huang, 2004; Hillstrom, 2000; Found & Müller, 1996;
Müller, Heller, & Ziegler, 1995). According to others, PoP
modulates the processing of the repeated target feature only
after attention has been allocated based on attentional
priority (cf. Ramgir & Lamy, 2022; Hillstrom, 2000). As such,
PoP effects are contingent on the specific levels of target
saliency, being reduced or eliminated with high-saliency

targets (e.g., Meeter & Olivers, 2006). However, evi-
dence from studies investigating interactions between
PoP and the physical salience of the target—which is
known to affect directly attentional priority (e.g., Gaspar
& McDonald, 2014; Töllner, Zehetleitner, Gramann, &
Müller, 2011; Itti & Koch, 2000, 2001)—is inconclusive,
and results are largely dependent on the specific target
feature considered (cf. Becker & Ansorge, 2013; Meeter
& Olivers, 2006).
Because most studies of PoP have been carried out in

the visual domain, it remains unclear whether the mecha-
nisms responsible for PoP are exclusively engaged during
the selection of visual information or whether analogous
processes can also impact the selection of information
from different sensory channels. Intertrial feature priming
effects have been recently described in the auditory
domain (e.g., Klein & Stolz, 2015; Dyson, 2010; Dyson &
Alain, 2008a, 2008b; see Addleman & Jiang, 2019, for a
recent review). For example, the repetition of a nonspatial
target feature such as pitch on consecutive trials resulted
in faster responses compared with trials in which this fea-
ture changed across trials (Dyson & Alain, 2008b). How-
ever, evidence that auditory PoP effects modulate the
attentional selection of the target is still lacking. Thus,
questions about the modality-specific or modality-general
nature of PoP remain open.
The aim of the present study was to investigate for the

first time the presence of PoP in touch. We asked partici-
pants to report the location of a singleton target presented
with three homogeneous distractors to the index and
middle finger of their left and right hand (Figure 1). In
this tactile mixed-features task, target and distractors
were defined by different vibrotactile frequencies, which
swapped unpredictably across trials (either one high-
frequency vibration—“buzz”—with three low-frequency
ones—“taps”—or vice versa). The presence of a tactile
PoP effect should be reflected in the behavioral analyses
by improved search performance on repetition compared
with change trials.
Importantly, to investigate whether the repetition or

change of the target feature (vibrotactile frequency) on
consecutive trials directly impacted the attentional selec-
tion of the target, we measured the N140cc component,
a reliable electrophysiological marker of target selection
in touch (Forster, Tziraki, & Jones, 2016; Katus, Grubert,
& Eimer, 2015), analogous to the N2pc in the visual modal-
ity. This lateralized ERP component is an enhanced nega-
tivity contralateral to the target side, elicited over central
electrodes (close to somatosensory areas, e.g., C3/4) from
about 120 msec post-array onset (Gherri, Fiorino, Iani, &
Rubichi, 2023; Gherri, Zhao, & Ambron, 2021; Mena, Lang,
& Gherri, 2020; Katus & Eimer, 2019; Ambron, Mas-
Casadesús, & Gherri, 2018; Katus et al., 2015). If PoP
effects in touch impact the attentional selection of the tac-
tile target, we expect differences between the timing
and/or amplitude of the N140cc elicited on repetition
versus change trials.
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Finally, previous studies in touch described search
asymmetries between different search arrays (i.e., higher
frequency target surrounded by lower frequency distrac-
tors vs. the opposite pairing; Mena et al., 2020), suggesting
differences in target saliency based on specific vibrotactile
frequencies. To shed further light on the attentional mech-
anisms responsible for PoP in touch, we exploited these
search asymmetries to investigate whether the N140cc is
jointly modulated by target salience and PoP.

METHODS

Participants

The behavioral PoP effect (difference between RTs on rep-
etition vs. change trials) reported in visual search tasks is a
relatively large and robust phenomenon (dz ≥ 0.7; e.g.,
Lamy et al., 2010; Meeter & Olivers, 2006). An a priori
power analysis usingG*Power 3.1 (Faul, Erdfelder, Buchner,
& Lang, 2009) indicated that 18 participants are sufficient
to detect an effect of similar size (dz = 0.7, two-tailed,
alpha= .05, power= .80). Fewer studies have investigated
PoP with ERP measures. The effect size reported for PoP
modulations of the N2pc component (both in terms of
timing and amplitudes) appears to be somehow smaller
than the behavioral effect. Calculations based on the
results of Eimer et al. (2010) and Olivers and Hickey
(2010) suggest that the effect of PoP on the N2pc is closer
to dz = 0.5/dz = 0.6, which would require a sample rang-
ing between 23 and 33 participants (two-tailed, alpha =
.05, power = .80). Given that this is the first study to inves-
tigate PoP in the tactile modality and considered that this
type of tactile search tasks tends to be quite challenging for
participants (with many excluded based on overall perfor-
mance; e.g., see Gherri et al., 2023), we tested a sample of

42 participants. Eleven participants were subsequently
excluded from the analyses due to low accuracy rates in
the behavioral task (overall accuracy rates < 60%). In
the final sample, task accuracy ranged between 60% and
92%, with a mean accuracy of 78%. Following the ERP data
processing procedure, one further participant was
excluded due to a low number of trials (less than 60% of
trials left after the rejection of ERP artifacts for at least one
of the conditions). Thus, the final sample included 30 par-
ticipants (14 female and 16 male,M age = 21.06 years, SD
age= 1.81 years; 22 right-handed and eight ambidextrous;
Oldfield, 1971). All participants had normal or corrected-
to-normal vision and no history of neurological disorders.

This project was approved by the Comitato di Bioetica
of the University of Bologna (prot. no. 0094164, 04-04-
2023) and followed the Helsinki Declaration principles.
All participants signed an informed consent before starting
the experiment.

Apparatus, Stimuli, and Procedure

Participants were tested in a dimly lit room. They sat at a
table, resting their hands palms down on it (with a distance
of 10 cm between right and left indexes). The hands were
rotated medially (at an angle of approximately 45°) until
the index and middle fingers of each hand were approxi-
mately aligned and parallel to each other, so that the mid-
dle fingers were spatially on top and the index fingers were
spatially on the bottom (Figure 1). To hide the hands from
view, a black cardboard panel (50 × 70 cm) was placed
above the hands. A white pin in the middle of the card-
board panel was used as fixation point. To mask the
sounds made by the tactile stimulators, one speaker was
positioned on the table between the hands under the

Figure 1. Illustration of the
different types of trial sequences.
Search arrays consisted of one
target (either a buzz or a tap
vibrotactile stimulus) presented
with three homogeneous
distractors (tap or buzz
vibrotactile stimuli, respectively).
The four-item search array was
presented to the index and
middle finger of the left and
right hand. Across successive
trials, target and distractors
frequencies were either repeated
(Repetition) or alternated
(Change). Participants were
instructed to determine the exact
location of the target (middle vs.
index finger location) by pressing
one of two pedals under the
same foot (the pedal under the
toes to indicate the middle finger
or the pedal under the heel to
indicate the index finger).
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cardboard panel and presented white noise (65 dB SPL)
throughout the experimental blocks. When explicitly
asked, no participant reported perceiving any sounds
associated with the activation of the tactile stimulators.
Tactile stimuli were presented using 12 V solenoids (Heijo
Research Electronics) driving a metal rod with a conical
tip. The tip of the tactile stimulators touched the skin
whenever a current passed through the solenoid. Four
solenoids were attached with adhesive medical tape to
the inner side of the top phalanx of the left and right index
and middle fingers. Participants responded using two
pedals vertically arranged and positioned under the same
foot (top and bottom pedals).

The singleton target was either a buzz vibration (high
frequency) presented simultaneously with three homoge-
neous tap distractors (low frequency), or a tap vibration
presentedwith three buzz distractors. Buzz vibrations con-
sisted of a 3-msec single tap every 17 msec. This cycle was
repeated 10 times during the 603-msec array duration.
Taps consisted of a 20-msec single tap every 280 msec.
This was repeated two times during the 603-msec stimulus
duration (Forster et al., 2016).

Each trial started with a 300-msec empty interval, which
was followed by the presentation of the four-item search
array (603-msec duration), simultaneously delivered to the
index and middle fingers of the left and right hand. The
search array started and ended with all the stimulators
touching the skin simultaneously to avoid participants
using the offset of the stimuli to complete the task. Stim-
ulus presentation was followed by a 1800-msec interval,
which was used to collect foot responses.

Each participant completed 12 blocks of 64 trials (in
total 768 trials). In each block, on half of the trials, the tar-
get was a buzz vibration, while on the remaining half, it was
a tap vibration. Furthermore, the target was equally likely
to be presented at one of the four possible locations within
the array: to the middle or to the index of the left or right
hand (16 times per block). Therefore, on 32 trials, the tar-
get was delivered to the middle finger (top location) and
required a top pedal response (toes), while on the remain-
ing 32 trials, it was presented to the index fingers (bottom
location), requiring a bottom pedal response (heel). Trials
were presented in a pseudorandom sequence such that
each array type (singleton buzz target or tap target) was
equally likely to be preceded by a trial (trial N − 1) with
the same target and distractor frequency (repetition con-
dition) or by a trial where the frequency of target and dis-
tractors was reversed (change condition).

Participants were instructed to always keep their eyes
on the central fixation and to respond to the target loca-
tion (target presented to the middle or index finger,
regardless of stimulated hand) by pressing the pedal as fast
and as accurately as possible. This compound task was
developed to dissociate the response-relevant feature (tar-
get finger location) from the target-defining feature (fre-
quency) to control for the effects of stimulus–response
S-R repetition versus alternation in the sequential analysis

(e.g., Hommel, 2004). To avoid ERP contamination from
motor responses, the responding foot operating the top
and bottom pedals was changed after six consecutive
blocks of trials, so that, overall, participants completed
six blocks with their left foot and six with their right foot
(the starting foot—left vs. right—was counterbalanced
across participants). Prior to the beginning of the experi-
ment, participants completed a practice session in which
their average accuracy had to reach 60% before complet-
ing the experimental session. Whenever needed, further
blocks of training were delivered until the required accu-
racy rate was reached. At the end of each block, partici-
pants received feedback about their performance (average
response time and accuracy).

EEG Recording and Data Analysis

EEG was recorded with a BrainAmp amplifier system
(500 Hz sampling rate) from 64 active electrodes posi-
tioned according to 10–20 system. EEG data were analyzed
using Brain Vision Analyser (Version 2.3.0.8300). EEG was
digitally re-referenced to the average of the left and right
earlobe and was digitally filtered offline (band-pass filtered
0.1–40 Hz and notch filter 50 Hz). The EEG was epoched
into 600-msec intervals, starting 100 msec before and end-
ing 500 msec after the search-array onset. Trials with eye
blinks, horizontal eye movements, and other artifacts
(voltage exceeding ± 80 mV at any electrode sites) were
excluded from further analysis. Participants with less than
60% of the trials in at least one of the repetition or change
conditions were excluded from the analyses. This led to
the exclusion of one participant. The average number of
trials included in each condition for the remaining partic-
ipants was 341 for the repetition condition (89% of the tri-
als) and 339 for the change condition (88.3% of the trials).
ERPs elicited by the presentation of the search array

were averaged relative to a 100-msec prestimulus baseline
separately for all conditions (repetition and change) and
target side (left vs. right side). The N140cc was quantified
for each participant and for each experimental condition
based on ERP mean amplitudes obtained at lateral central
electrodes C3/4 (where this component was maximal, in
line with previous studies; e.g., Forster et al., 2016) over
the hemisphere contralateral and ipsilateral to the target
side. ERP analyses in previous N140cc studies considered
two consecutive time windows to characterize the func-
tional significance of this long-lasting lateralized compo-
nent, identifying an earlier and a later phase of the
N140cc (cf. Gherri et al., 2021, 2022; Mena et al., 2020;
Katus & Eimer, 2019; Ambron et al., 2018; Forster et al.,
2016). Increasing evidence suggests that the N140cc com-
ponent is likely to include more than a single attentional
process, not only because of its long duration but also
because the early and late phases are sensitive to different
experimental manipulations (e.g., Gherri, White, &
Ambron, 2022; Gherri et al., 2021; Mena et al., 2020;
Ambron et al., 2018). Accordingly, mean amplitude values
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in the present study were computed within two consecu-
tive time windows, 140–250 and 250–360 msec post-array
onset. These time windows were chosen based on previ-
ous studies using stimuli (Forster et al., 2016) and task
(Mena et al., 2020) similar to those of the present study.
To investigate whether intertrial PoP effect modulates
the amplitude of the N140cc component, repeated-
measures ANOVAs were conducted on the mean ampli-
tude values measured at electrodes pair C3/4 for the
factors Trial Type (repetition vs. change), Laterality (hemi-
sphere contralateral vs. ipsilateral to the target side), and
Target Frequency (buzz vs. tap). In these analyses, the sta-
tistical presence of the N140cc lateralized components is
reflected by the main effect of the factor Laterality, indicat-
ing significant differences between the ERP waveforms
measured over the hemispheres contralateral and ipsilat-
eral to the target side/hand. Importantly, two were the
results of interest in this omnibus ANOVAs. First, we were
interested in Trial Type × Laterality interactions to inves-
tigate whether the repetition or change of the target fea-
ture (vibrotactile frequency) across consecutive trials
modulated the N140cc amplitude. Following significant
Trial Type × Laterality interactions, follow-up pairwise
comparisons were carried out separately for each trial type
(repetition and change) to determine whether statistically
reliable N140cc components were present for both repe-
tition and change trials. In addition, to investigate whether
PoP effects on the N140cc differed across target frequen-
cies, we were also interested in the three-way interaction
between Target Frequency, Trial Type, and Laterality. To
determine whether modulations of the N140cc component
by trial type (that is Trial Type × Laterality interactions)
were present for each target frequencies (buzz vs. tap),
follow-up analyses were carried out separately for buzz
and tap targets including the factors trial type and laterality.
Because visual inspection of the ERPwaveforms showed

the presence of an early lateralization partly overlapping
with the P45 and N80 components (observed between
50 and 80 msec post-array onset), additional exploratory
analyses were included in the Results section. These anal-
yses aimed to investigate the presence and characteristics
of this early lateralization. Analogous to the analyses con-
ducted for the N140cc, this exploratory ANOVA included
the factors Trial Type (repetition vs. change), Laterality
(hemisphere contralateral vs. ipsilateral to the target side),
and Target Frequency (buzz vs. tap).
To investigate the onset of the N140cc component on

repetition and change trials, we carried out two separate
onset analyses. The classic method to measure the onset
of a lateralized component is the fractional peak latency
obtained from jackknife-averaged ERPs (e.g., Kiesel,
Miller, Jolicœur, & Brisson, 2008; Ulrich & Miller, 2001;
Miller, Patterson, & Ulrich, 1998) within the time window
of interest. However, the absence of clear peaks in the
N140cc components, typical of tactile search tasks with
vibrotactile frequencies, makes this approach prone to
distortions. Thus, in addition to the classic jackknife

procedure, we also analyzed the data following the proce-
dure described by Smulders (2010), which estimates indi-
vidual onset latencies and has already been used to mea-
sure the onset of components such as the N400, which is
typically lacking a clear peak. Because the peak of the
N140cc observed on tap target trials emerged earlier than
the one on buzz target trials (see Figure 5), differences in
the N140cc onset were measured separately for tap
and buzz target trials. Two separate time windows were
used for peak detection for each target frequency, the
145–185 msec time window for tap target trials and the
180–240 msec time window for buzz target trials.

To assess the effect of PoP on behavioral data, mean RTs
and error rates were analyzed separately. Only trials in
which participants responded correctly in the preceding
trial (N− 1) were included in the RT and error rate analy-
ses. In addition, only responses recorded on accurate cur-
rent trials (N ) were included in the RT analysis. RTs
exceeding 2.5 standard deviations above or below the
mean (calculated separately for each participant and trial
type) were excluded from the RT analysis. A total of 12,931
trials (6077 change trials and 6854 repetition trials) was
included in the RT analysis (M=431 trials per participant).
Mean RTs and error rates were then submitted to separate
repeated-measures ANOVAs with Trial Type (repetition vs.
change) and Target Frequency (buzz vs. tap) as a within-
subject factors. Where appropriate pairwise comparisons
were performed with paired sample t tests, and all result-
ing p values were corrected using the Holm method.

RESULTS

Behavioral Results

The analysis of error rates (Figure 2, bar graph) revealed a
main effect of Trial Type, F(1, 29) = 13, p = .001, ηp

2 =
.309). Participants made more errors on change trials
(Merror = 23.4%, SE = 1.7) than on repetition trials (Merror =
20.3%, SE = 1.4). Furthermore, the main effect of Target
Frequency, F(1, 29) = 18, p < .000, ηp

2 = .383, revealed
fewer errors for buzz targets (Merror = 15.5%, SE = 1.8)
than for tap targets (Merror = 28.3%, SE = 2.4). No Trial
Type × Target Frequency interaction emerged, F(1, 29) =
0.267, p = .60, ηp

2 = .009.
The analysis of RTs (Figure 2, line graph) revealed a sig-

nificant main effect of Trial Type, F(1, 29) = 475, p< .001,
ηp
2 = .621. Participants were faster when the target was

repeated across successive trials (M = 881 msec, SE =
15.3) than when it changed (M = 911.4 msec, SE =
16.4). Furthermore, there was also a main effect of Target
Frequency, F(1, 29)= 71.2, p< .001, ηp

2 = .711, with faster
responses to buzz targets (M = 859.3 msec, SE = 16.4)
than to tap targets (M = 933 msec, SE = 16.2). Results
revealed also a significant Trial Type × Target Frequency
interaction, F(1, 29) = 78.35, p= .000, ηp

2 = .730. Pairwise
comparisons carried out separately for each target fre-
quency showed faster responses for target repetition
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(M= 825.5 msec, SE= 16.5) than for target change (M=
893 msec, SE= 16.8) when the target was a buzz, t(29) =
−11.44, pc< .001, d=−2. No difference emerged when
the target was a tap, t(29) = 2, pc = .28, d = 0.2.

ERP Results

Early Lateralization (50–80 msec)

As discussed earlier, increasing evidence has shown that
PoP improves the attentional selection of the target (as
demonstrated by evidence from N2pc studies in the visual
domain, e.g., Tay et al., 2019; Eimer et al., 2010; Olivers
& Hickey, 2010). However, it remains debated whether
PoP impacts directly the processes preceding attentional
selection, such as attentional guidance (i.e., the target is
localized faster on repetition trials) or whether it helps
the target processing after the target has been localized
(see Ramgir & Lamy, 2022, for a recent review). To dem-
onstrate that PoP impacts directly attentional guidance,
some researchers have argued that ERPs elicited before
the N2pc component should be modulated by PoP (e.g.,
Ramgir & Lamy, 2022; Olivers & Hickey, 2010). However,
only one study to date has demonstrated PoPmodulations
of the earlier P1 component in a visual search task in which
participants had to keep the target feature in working
memory (Olivers & Hickey, 2010).

Because visual inspection of ERP waveforms (Figure 5,
right panel, top) suggested the presence of early lateraliza-
tions modulated by trial type and target frequency, we
tested whether early stages of processing (preceding the
N140cc) were impacted by PoP. To this aim, an exploratory
statistical analysis was carried out on ERP mean amplitude
values measured between 50 and 80 msec post-array onset.

Results showed no significant main effects for Trial Type,
F(1, 29) = 1.635, p= .21, ηp

2 = .053; Target Frequency,
F(1, 29) = 2.146, p= .15, ηp

2 = .069; or Laterality, F(1, 29)=
0.9, p = .35, ηp

2 = .03. However, the interaction between
Target Frequency × Laterality was significant, F(1, 29) =
13.2, p < .001, ηp

2 = .313. Pairwise comparisons between
ipsilateral and contralateral ERPs carried out separately for
each target frequency showed a reliable lateralization for
buzz target trials, t(29) =−3.6, pc< .001, d=−0.6 (M=
0.3 μV, SE = 0.044), which only approached significance
for tap target trials, t(29) = 1.9, pc = .067, d = 0.3 (M =
−0.24 μV, SE = 0.063). As shown in Figure 5, the polar-
ity of this early lateralization was determined by target
frequency. On higher saliency (buzz) target trials, this
component was elicited contralateral to the target side
(i.e., the hemisphere contralateral to the target was more
positive than the ipsilateral one). By contrast, when the
target was less salient (tap) than the distractors, this early
lateralization was ipsilateral to the target (contralateral to
the side of the two salient distractors). Based on the
observation that the following N140cc was elicited contra-
lateral to the target side regardless of target saliency, this
early lateralization may reflect an early representation of
salient items in the array.
Although visual inspection of these waveforms sug-

gested that both these lateralizations were further
modulated by PoP with reduced amplitudes when the
target-defining feature repeated across trials compared
with when it changed, these amplitude differences were
not statistically reliable, as shown by the absence of a sig-
nificant three-way interaction between Trial Type ×
Target Frequency × Laterality, F(1, 29) = 0.56, p = .46,
ηp
2 = .019. Therefore, it remains to be established whether

lateralized ERP components elicited before the N140cc

Figure 2. Behavioral results.
Mean error rates (bar graph)
and mean RTs (line graph)
shown for the Trial Type ×
Target Frequency interaction.
Error bars represent the SEMs.
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can be considered an index of attentional guidance and
whether these can be directly modulated by PoP. The
exact functional meaning of early lateralizations observed
before the N140cc onset in vibrotactile search tasks (cf.
Gherri et al., 2023) remains to be clarified in future studies.

N140cc Amplitude

Statistical analyses of the N140cc mean amplitude values
measured between 140–250 and 250–360 msec post-array
onset showed significant main effects of Laterality for both
time windows (140–250 msec: F(1, 29) = 82.76, p< .001,
ηp
2 = .74; 250–360 msec: F(1, 29) = 38, p < .001, ηp

2 =
.567), demonstrating the reliable presence of the latera-
lized N140cc component. Results also showed main
effects of Target Frequency in both time windows
(140–250 msec: F(1, 29) = 12.47, p = .001, ηp

2 =
.301; 250–360 msec: F(1, 29) = 26.18, p = .000, ηp

2 =
.474). Nonlateralized ERP amplitudes were reduced
for tap compared with buzz targets (140–250 msec:
M tap = −5.67 μV, SE = 0.767 vs. M buzz = −6.49 μV,
SE= 0.756; 250–360 msec:M tap =−2.48 μV, SE= 0.450
vs. M buzz = −3.72 μV, SE = 0.452).
TheN140cc amplitudewas reducedwhen the target was

a tap compared with a buzz (see Figure 5, black vs. gray
lines, respectively), as demonstrated by significant Target
Frequency × Laterality interactions in both time windows
(140–250msec: F(1, 29)= 30.69, p= .000; ηp

2 = .514; 250–
360 msec: F(1, 29) = 38.83, p = .000, ηp

2 = .573).
The interaction of interest, Trial Type × Laterality,

was significant in both time windows (140–250 msec:

F(1, 29) = 23.92, p = .000, ηp
2 = .452; 250–360 msec:

F(1, 29) = 11.30, p = .002, ηp
2 = .280), revealing that

the N140cc amplitude was larger when the target feature
was repeated across trials than when it was changed.
Pairwise comparisons between ipsilateral and contralat-
eral ERP amplitudes carried out separately for each Trial
Type confirmed the presence of statistically reliable
N140cc components on repetition trials (140–250 msec:
t(29) = 7.85, pc< .001, d=1.4,M repetition=−0.926 μV,
SE= .093; 250–360 msec: t(29) = 6.54, pc< .001, d= 1.2,
M repetition=−0.693μV, SE=0.112), as well as on change
trials in both time windows (140–250 msec: t(29) = 6.341,
pc < .001, d = 1.4, M change = −0.522 μV, SE =
0.087; 250–360 msec: t(29) = 5.33, pc < .001, d = 0.9,
M change = −0.552 μV, SE = 0.09. This interaction is
shown in Figure 3 (left panels) in which ERP waveforms
elicited over the hemisphere ipsilateral (red lines) and
contralateral (blue lines) to the side of the tactile target
(electrodes C3/4) are depicted separately for trials in
which the target was repeated and trials in which the tar-
get changed across trials. The corresponding difference
waveforms (Figure 3, right panel) were obtained by sub-
tracting ERPs elicited at electrodes ipsilateral to the target
from contralateral ERPs. Finally, the scalp distributions of
the N140cc observed in the 140–250 and 250–360 msec
post-array intervals are shown in Figure 4.

Finally, the interaction of interest between trial type and
laterality was further modulated by target frequency in the
early time window (140–250 msec: F(1, 29) = 4.44, p =
.044, ηp

2 = .133) but not in the late one (250–360 msec:
F(1, 29) = 2.22, p = .15, ηp

2 = .068; see Figure 5). To

Figure 3. Left: Grand-averaged waveforms obtained in the 500-msec interval after search array onset at lateral central electrodes C3/4 contralateral
(blue line) and ipsilateral (red line) to the target side. ERP waveforms are shown separately for trials in which the target frequency was repeated (top)
and when it changed (bottom) across consecutive trials. Right: Difference waveforms obtained in the 500-msec interval after search array onset by
subtracting ERPs elicited at electrodes C3/4 ipsilateral to the side of the target from contralateral ERPs. Difference waveforms are shown separately for
trials in which the target frequency repeated (dashed line) and changed across consecutive trials (solid line). Line boxes represent the consecutive
time windows considered for the amplitude analyses (140–250 and 250–360 msec post-array onset).
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further investigate this three-way interaction, separate
analyses were carried out for buzz and tap targets in the
early time window. Reliable Trial Type× Laterality interac-
tions were observed for buzz, F(1, 29) = 22.47, p = .000,
ηp
2 = .437, but not for tap targets, F(1, 29)= 3.58, p= .068;

ηp
2 = .110, suggesting that PoP modulations of the N140cc

component were present on buzz target trials only.
Figure 5 (left and middle panels) shows ERP waveforms
elicited over the hemisphere ipsilateral (red lines) and
contralateral (blue lines) to the side of the tactile target
(electrodes C3/4) separately for trials in which the target
was repeated and trials in which the target changed across
trials as well as for buzz and tap trials. The corresponding
difference waveforms (Figure 5, right panel top) are
shown separately for trials in which the target frequency
repeated (dashed lines) and changed across consecutive

trials (solid lines) and for buzz (gray lines) and tap target
trials (black lines). Furthermore, the modulatory effect of
PoP on the N140cc component obtained by subtracting
the difference waveforms (contra − ipsi) elicited on fre-
quency change trials from those elicited on frequency
repeat trials, is shown separately for buzz target trials (gray
lines) and tap target trials (black lines; Figure 5, right
panel, bottom).

N140cc Onset Latency

The onset latencies of the N140cc components were calcu-
lated on the grand averages of each subsample obtained
by excluding one participant at a time from the original
sample. For each subsample, an onset latency measure
was obtained at the time point in which the voltage value

Figure 4. Topographical maps
of the scalp distribution of the
N140cc component obtained in
the 140–250 and 250–360 msec
time intervals after the array
onset. These maps were
constructed by spherical spline
interpolation (see Perrin,
Pernier, Bertrand, & Echallier,
1989) after mirroring the
ipsilateral–contralateral
difference waveforms to obtain
symmetrical voltage values for
both hemispheres. Top panels
represent repetition trials, while
bottom panels represent
change trials.
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corresponded to 50% of the N140cc peak’s amplitude. The
jackknife procedure was carried out separately for buzz
and tap targets, as well as for repetition and change trials.
ANOVAs were performed on the onset values obtained on
repetition and change trials, separately for buzz and tap
targets. The corresponding F values were corrected (label
Fc) according to the formula suggested by Ulrich and
Miller (2001). On tap target trials (Figure 5, top right panel,
black lines), the N140cc onset time, calculated with a 50%
amplitude criterion, was earlier for repetition (132 msec)
than change tap target trials (146 msec; peak latency
values of 162 msec, −0.55 μV, on repetition trials and
166 msec,−0.41 μV, on change trials). However, the main
effect of Trial Type for tap targets did not survive correc-
tions, Fc(1, 29) = 1.849, pc = .184. On buzz target trials
(Figure 5, top right panel, gray lines), the N140cc onset
time, calculatedwith a 50% amplitude criterion, was earlier
for repetition (157 msec) than change tap target trials
(165 msec) (peak latency values of 222 msec, −1.92 μV,
on repetition trials and 210 msec,−1.30 μV, on change tri-
als). The main effect of Trial Type for buzz targets did not
survive corrections, Fc(1, 29)= 0.326, pc= .57. Analogous
results were obtained with the procedure described by
Smulders (2010). No statistically significant PoP onset dif-
ference emerged for tap target trials, F(1, 29) = 0.849, p=
.184, ηp

2 = .060, nor for buzz target trials, F(1, 29) = 0.326,
p = .57, ηp

2 = .011.

DISCUSSION

To investigate whether the mechanisms responsible for
PoP in vision can generalize to touch, we assessed the
presence of intertrial priming effects in a tactile search task
in which target and distractors’ vibrotactile frequencies
(buzz vs. tap) swapped unpredictably from trial to trial.
Results showed faster and more accurate responses when
the target frequency was repeated on consecutive trials
than when it was changed. These behavioral findings dem-
onstrate for the first time that PoP effects modulate the
selection of the (nonspatial) target-defining feature in
touch. Importantly, behavioral differences between repe-
tition and change trials were accompanied bymodulations
of the N140cc component, the correlate of attentional tar-
get selection (e.g., Forster et al., 2016). The N140cc was
reliably elicited between 140 and 360 msec post-array
onset, contralateral to the target hand (e.g., Mena et al.,
2020; Ambron et al., 2018; Forster et al., 2016). Crucially,
increased N140cc amplitudes were observed for repetition
compared with change trials. These findings offer initial
evidence that PoP impacted earlier stages of somatosen-
sory processing, in line with evidence from the visual
domain (e.g., Tay et al., 2019; Christie et al., 2015; Eimer
et al., 2010; Olivers & Hickey, 2010). In recent tactile
search studies, the observation of improved behavioral
performance in experimental conditions with larger

Figure 5. Left and middle: Grand-averaged waveforms obtained in the 500-msec interval after search array onset at lateral central electrodes C3/4
contralateral (blue line) and ipsilateral (red line) to the target side. ERP waveforms are shown separately for trials in which the target frequency
was repeated (top) and when it changed (bottom) across consecutive trials, and separately for buzz target trials (left) and tap target trials (middle).
Right (top): Difference waveforms obtained in the 500-msec interval after search array onset by subtracting ERPs elicited at electrodes C3/4 ipsilateral
to the side of the target from contralateral ERPs. These difference waveforms are shown separately for trials in which the target frequency repeated
(dashed lines) and changed across consecutive trials (solid lines), and for buzz target trials (gray lines), and tap target trials (black lines). Right
(bottom): Difference waveforms illustrating the modulatory effect of PoP on the N140cc component obtained by subtracting the difference
waveforms (contra − ipsi) elicited on frequency change trials from those elicited on frequency repeat trials, separately for buzz target trials (gray
lines) and tap target trials (black lines). Line boxes represent the consecutive time windows considered for the amplitude analyses (140–250 and
250–360 msec post-array onset).
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amplitude N140cc components was suggested to reflected
higher certainty about the location of the target candidate
in the array, resulting in improved target attentional pro-
cessing (e.g., Gherri et al., 2023; Mena et al., 2020).
Accordingly, the increased N140cc amplitudes observed
on repetition trials of the present study suggest that the
repetition of the same target-defining feature across con-
secutive trials boosted the certainty with which attention
was engaged in the target candidate. In turn, this resulted
in more efficient processing of the task-relevant feature
(target finger location) during subsequent processing
stages and in faster and more accurate responses.

In visual PoP studies, the N2pc components emerged
earlier and showed larger amplitudes on repetition than
change trials, suggesting that the target feature repetition
sped up the perceptual analysis of the search array and
facilitated the attentional selection of the target (e.g.,
Tay et al., 2019; Christie et al., 2015; Eimer et al., 2010;
Olivers & Hickey, 2010). Results of the present study did
not show reliable N140cc onset time differences between
repetition and change trials, as measured by the jackknife
procedure. While it is possible that the duration of the
preattentive perceptual analysis of the search array was
not affected by the target feature repetition/change
across trials, conclusions based on null results should
be treated with caution. Indeed, it is particularly difficult
to demonstrate N140cc onset differences when the
target-defining feature changes over time (i.e., vibrotac-
tile frequency), due to the high trial-by-trial temporal
variability of target selection processes in these tasks
(e.g., Gherri et al., 2023; Mena et al., 2020). Future
studies could assess the presence of N140cc onset mod-
ulations by PoP in tactile search tasks in which the stimuli
impinge upon mechanoreceptors at once (e.g., tactile
stimuli defined by different shape, orientation, etc.).

As expected, target selection was also modulated by
salience in the present study. Larger N140cc amplitudes,
lower error rates, and faster RTs were observed on higher
saliency trials (buzz target presented among tap distrac-
tors) compared with lower saliency trials (tap target
among buzz distractors), in line with previous studies in
touch using similar stimuli features and tasks (e.g., Mena
et al., 2020; Whang, Burton, & Shulman, 1991). These
search asymmetries suggest that increased attentional
resources were deployed toward the target when it was
the most salient item in the array, resulting in larger
N140cc components and reduced RTs and error rates. This
pattern is similar to the one observed in visual search stud-
ies in which targets with higher salience were identified
faster and more accurately (e.g., Itti & Koch, 2000,
2001), leading to larger and earlier N2pc components
(e.g., Luck et al., 2021; Gaspar & McDonald, 2014; Töllner
et al., 2011).1

Importantly, results revealed reliable interactions
between PoP and target salience. As shown in Figures 5
and 2, differences between repetition and change trials
weremore pronounced on higher saliency compared with

lower saliency target trials on both N140cc amplitudes and
RTs. No such PoP difference emerged for accuracy rates.
This pattern of PoP modulations by salience is different
from the one usually observed in visual search studies with
reduced PoP effects for higher saliency compared with
lower saliency target trials (e.g., Leonard & Egeth, 2008;
Meeter & Olivers, 2006). These visual PoP modulations
are assumed to depend on the level of ambiguity between
the target and other potentially salient items in the display
(i.e., on their level of competition, ambiguity account
[Meeter & Olivers, 2006], or on the level of uncertainty
remaining after a candidate target has been located
[Ramgir & Lamy, 2022]). Stronger visual PoP effects
were present with lower saliency targets—characterized
by higher target-distractor ambiguity/uncertainty—
because the weaker target representation benefited from
the attentional selection of the same feature on consecu-
tive trials. Conversely, when the ambiguity between stim-
uli was lower, feature repetition across trials did not
improve target selection because the target was already
sufficiently salient to be selected (e.g., Rangelov, Müller,
& Zehetleitner, 2017; Leonard & Egeth, 2008; Meeter &
Olivers, 2006).
Most evidence supporting the ambiguity account comes

from color pop-out tasks, and it remains unclear whether
analogous PoP modulations by saliency emerge when par-
ticipants search for targets defined along different visual
dimensions (e.g., Becker & Ansorge, 2013). Importantly,
only few studies to date have investigated PoP in asymmet-
ric visual search tasks in which the target does not pop out
from the array (e.g., Amunts, Yashar, & Lamy, 2014; Lamy,
Amunts, & Bar-Haim, 2008). In these studies, in which par-
ticipants searched for a singleton emotional facial expres-
sion or for a singleton shape, larger priming effects were
observed for higher saliency comparedwith lower saliency
targets (Amunts et al., 2014; Lamy et al., 2008). This pat-
tern of PoP modulations by salience is comparable to the
one observed in the present study. It is worth noting that
vibrotactile search tasks—similar to the one of the present
study—are not only asymmetric and inefficient (cf. Gherri
et al., 2023; Halfen, Magnotti, Rahman, & Yau, 2020) but
also characterized by high levels of uncertainty, as shown
by high error rates.
A possible resolution between the pattern of PoP mod-

ulation by salience observed in the present study and the
one predicted by the ambiguity account may be found in
the different levels of ambiguity/uncertainty across tasks.
Under the high-uncertainty conditions of the present
study, it is conceivable that both higher and lower saliency
target trials benefitted from priming because the singleton
target was not sufficiently salient to be selected. Impor-
tantly, although indications of PoP advantages were pres-
ent for both higher and lower saliency trials, results
showed stronger PoP effects on higher than lower saliency
target trials. We argue that the repetition of the target-
defining feature across consecutive trials facilitated perfor-
mance only following trials in which the candidate target
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had been located/selected with sufficient certainty, allow-
ing the formation of the memory trace necessary to facil-
itate the target identification on the next trial (cf. Amunts
et al., 2014, for a similar argument in vision). Indeed, in
the visual modality, the emergence of PoP effects is con-
tingent upon the conscious perception of the target
(Peremen, Hilo, & Lamy, 2013). Although stimuli in the
present study were suprathreshold, the simultaneous
presentation of different vibrotactile frequencies can
cause distortions in the sensory representation of these
stimuli (i.e., masking effects; e.g., Gilson, 1969). We spec-
ulate that following trials in which participants were
highly uncertain about the target—despite having
responded correctly—the memory trace required for
the emergence of PoP was not formed, resulting in no
advantage for the target feature repetition. If this were
the case, the reduced PoP effects observed on lower com-
pared with higher saliency target trials may be driven by a
larger number of high-uncertainty trials in which no PoP
effect emerged.
Finally, ERP differences between PoP effects on lower

and higher saliency target trials were particularly evi-
dent in the early N140cc time window, suggesting that
this interaction selectively impacted the initial phase
of attentional selection (cf. Dolci et al., 2024). For lower
saliency targets, the deployment of attention to the tar-
get candidate was likely characterized by increased tem-
poral and spatial variability across trials (e.g., increased
number of attentional shifts toward either side of the
array to identify the singleton), which resulted in
reduced/absent PoP modulations of N140cc amplitudes
compared with higher saliency target trials. Overall, the
present results suggest that the size of PoP modulations
in touch is determined not only by the saliency of the
target but also by the certainty with which it is selected
on a trial-by-trial basis.
To conclude, the findings of the present study demon-

strate for the first time the presence of PoP effects in a
tactile search, confirming that the repetition of the
target-defining (nonspatial) feature can facilitate search
performance. Larger N140cc amplitudes on repetition
compared with change trials suggest that the target was
selected with a higher degree of certainty when its defining
feature was repeated across consecutive trials. Together,
these findings show that also in tactile domain PoP effects
impact the attentional selection of the target. More gener-
ally, results of the present study align well with initial
observations from the auditory domain showing search
improvements when the same target feature is repeated
on subsequent trials (e.g., Addleman & Jiang, 2019; Klein
& Stolz, 2015; Dyson, 2010; Dyson & Alain, 2008a, 2008b).
Together, these findings reveal the existence of similar
influences of selection history, specifically PoP, on search
performance across different sensory modalities. However,
future studies should further investigate the extent to which
the attentional system is governed by modality-general
principles across different sensory modalities.
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Note

1. It is worth noting that the search arrays presented on higher
and lower saliency target trials of the present study were
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physically different. While the target side in the array always
included one tap and one buzz regardless of saliency, the other
side included two identical stimuli (both taps on higher saliency
trials or both buzzes on lower saliency trials). Therefore, the
comparison of lateralized ERPs (waveforms ipsilateral and
contralateral to the target) elicited on higher and lower
saliency target trials is likely to reflect—in addition to the
attentional processes responsible for target selection—also
residual sensory differences driven by stimulation imbalances
across hemispheres.
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