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Electrophysiological correlates of attentional selection in tactile
search tasks: The impact of singleton distractors on target
selection
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Edinburgh, United Kingdom Recent event-related potential (ERP) studies have suggested that the N140cc compo-

nent reflects target selection mechanisms in tactile search tasks in which the target is
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) ‘ distractor, we presented a four-item search array (two stimuli to the middle and index
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fingers of the left and right hand) which included a singleton distractor in addition
to the target and two other homogenous distractors. Participants had to localize the
target (top or bottom finger on either hand), while ignoring all distractors. Behavioral
results revealed that the target localization was hindered by the presence of the sin-
gleton distractor as demonstrated by distractor-presence costs for both speed and ac-
curacy. ERP results confirmed that attention was directed to the singleton distractor
when this was the only singleton item in the array as suggested by the presence of
a distractor-related N140cc component on distractor only trials. Furthermore, when
target and singleton distractor were presented to opposite hands (contralateral dis-
tractor trials) the target-related N140cc amplitude was reduced as compared to target
only trials, suggesting reduced attentional resources to the target. However, when
target and singleton distractor were presented to the same hand (ipsilateral distractor
trials), the N140cc amplitude was comparable to that observed on target only trials.
These findings suggest that the N140cc reflects the attentional selection of the target
side rather than the competition between stimuli presented to the same hand.
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1 | INTRODUCTION

Although sensory environments are typically characterized
by the simultaneous presence of multiple objects, only a
small number of these can be fully represented due to the
limited capacity of the visual system (e.g., Desimone &
Duncan, 1995). Selective attention allows to prioritize the
processing of behaviorally relevant objects at the expense of
irrelevant ones. Its mechanisms have been extensively investi-
gated in visual search tasks in which participants respond to a
task-relevant target presented simultaneously with irrelevant
distractors. Importantly, the electrophysiological correlate of
covert attentional deployment in visual search tasks has been
identified in event-related potential (ERPs) studies (see Ei
mer, 2014;Luck, 2012;Woodman, 2013 for reviews). ERPs
elicited by the search array at occipital electrodes become
more negative over the hemisphere contralateral to the target
as compared to the ipsilateral one from about 200-300 ms
post-array onset (e.g., Eimer, 1996;Luck & Hillyard, 1990,
1994). This lateralized component, labeled N2pc, has been
extensively used to investigate the experimental conditions
under which selective attention is directed to relevant items
in visual search tasks (see Gaspelin & Luck, 2018 for a recent
review).

Researchers have just started to investigate whether sim-
ilar selective attention mechanisms operate in tactile search
tasks. In a recent study, participants reported the presence
or absence of a target presented among homogenous dis-
tractors, high- and low-frequency vibrations, respectively
(Forster, Tziraki, & Jones, 2016). On target-present trials,
ERPs were more negative over the hemisphere contralat-
eral than ipsilateral to the target side (Forster et al., 2016).
This lateralized component, labeled N140cc, was maximal
over central electrodes and its onset overlapped with the
sensory-specific N140 component. It was suggested that
the N140cc is the functional equivalent of the visual N2pc,
indexing the deployment of attention during tactile search
tasks (c.f. Ambron, Mas-Casadesus, & Gherri, 2018;Katus &
Eimer, 2019;Katus, Grubert, & Eimer, 2015).

The aim of this study was to investigate for the first
time whether the presence of a singleton distractor af-
fects the selection of the target as indexed by the N140cc.
Evidence from visual search tasks suggests that attention
can be directed to a singleton distractor when it is particu-
larly salient or shares a relevant feature with the target, as
indicated by a distractor-related N2pc observed on target-ab-
sent trials (e.g., Burra & Kerzel, 2013;Gaspar, Christie,
Prime, Jolicceur, & McDonald, 2016;Hickey, McDonald, &
Theeuwes, 2006;Kiss, Driver, & Eimer, 2009;Kiss, Grubert,
Petersen, & Eimer, 2012;McDonald, Green, Jannati, & Di
Lollo, 2013). Importantly, when both target and distractor
are present in the search array, the target-related N2pc is re-
duced, suggesting degraded target selection processes due to

competitive interactions (ipsilateral distractor, e.g., Hilimire &
Corballis, 2014;Hilimire, Mounts, Parks, & Corballis, 2009).
Thus, the simultaneous presence of the target and a single-
ton distractor can shed light on the dynamics of attentional
selectivity when there is competition between these stimuli.
Previous tactile search studies were unable to address this
question because no singleton distractor was present in the
search array. In the present study, participants had to iden-
tify the target location in a four-item search task in which
the target, the singleton distractor and the homogeneous dis-
tractors were defined by different vibro-tactile frequencies.
We compared trials in which a singleton was present among
homogeneous distractors (target only and distractor only tri-
als) with trials in which both singletons were present, either
on the same or opposite hands (ipsilateral and contralateral
distractor trials, respectively) to investigate whether the sin-
gleton distractor engages the attentional mechanisms associ-
ated with the N140cc. If attention is directed to the singleton
distractor we expect to observe a distractor-related N140cc
on distractor only trials. Furthermore, when both singletons
are present in the search array, we expect to observe behav-
ioral costs related to the presence of the singleton distractor
and modulations of the target-related N140cc.

Two experiments were carried out. In Experiment 1, par-
ticipants searched for the slowest vibration in the array (target
was a 12.5 Hz vibro-tactile frequency, whereas the homoge-
neous distractors were 100 Hz), whereas in Experiment 2 they
searched for the fastest vibration (100 Hz target and 12.5 Hz
homogeneous distractors). In both experiments, the single-
ton distractor was characterized by an intermediate vibration
(40 Hz). The manipulation of target (and distractors) frequen-
cies and the comparison between experiments allowed us to
determine the impact of stimulus saliency on the attentional
processes of target selection and to rule out the possibility
that N140cc differences between different types of trials were
determined by sensory imbalances in the search array rather
than by the mechanisms of tactile selective attention.

2 | METHOD

2.1 | Participants

A total of 43 paid, volunteer adults (20 in Experiment 1,
and 23 in Experiment 2) were recruited via word-of-mouth
at the University of Edinburgh. All of them had a normal
or corrected-to-normal vision and no history of neurological
diseases. Due to technical problems with the experimental
equipment three participants could not complete the experi-
mental task and were, therefore, excluded from the final
sample. A total of 20 participants remained in the sample
for both Experiment 1 (13 females and 7 males, Mage =244,
SD,,. = 2.1) and Experiment 2 (11 females and 9 males,

age
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M,ge = 24.35, SD,y. = 4.13). These studies were conducted
following the Declaration of Helsinki and were approved
by the Research Ethics Committee of the Department of
Psychology at the University of Edinburgh.

2.2 | Stimuli and apparatus

Participants were seated in a dimly lit, sound-attenuating
and electrically shielded booth. They placed their hands on
a table with their palms down. The hands were rotated (at
an angle of approximately 45°) until index and middle finger
of each hand were aligned and parallel to the body midline.
The distance between the index fingers of the two hands was
10 cm. Once in the correct position, the hands were covered
with a black cardboard, on top of which there was a white pin
aligned with the body midline which served as fixation-point.
Surgical tape was used to attach four vibro-tactile stimula-
tors to the participants’ index and middle fingertips of both
hands. These stimulators (Heijo Research Electronics, UK)
were 12 V solenoids driving a magnetic rod with a blunt plas-
tic tip which made contact with the skin whenever a current
was passed through the solenoid. Two vertically arranged
foot-pedals (top and bottom pedals) were positioned under
the toes and heel of one of the participants’ feet. Participants
were asked to keep one foot on these response pedals dur-
ing the task. White noise (65 dB SPL) was played during the
training and throughout the experiment to mask any noise
made by the vibro-tactile stimulators.

On each trial, the search array consisted of four vibro-tac-
tile stimuli presented simultaneously. Vibro-tactile stimuli
differed with respect to their vibration frequencies (12.5, 40,
or 100 Hz). These frequencies consisted of a rapid sequence
of pulses during which the rod was in contact with the skin
for 5 ms, followed by a variable inter-pulse interval set at
75, 20, and 5 ms for the slow, medium, and fast vibrations,
respectively. All stimuli had a total duration of 405 ms. The
tactile search array started and ended with all the stimula-
tors touching the skin simultaneously to prevent participants
from using the offset of the stimuli to complete the task. In
Experiment 1, the target was the slowest vibration (12.5 Hz),
the singleton distractor was the middle vibration (40 Hz),
and the homogeneous distractors were the fastest vibration
(100 Hz). In Experiment 2, the frequencies of target and ho-
mogeneous distractors were swapped, so that the target was
100 Hz, the singleton distractor was 40 Hz, and the homoge-
neous distractors were 12.5 Hz.

There were four different types of trials: target only (one
target and three homogeneous distractors), distractor only
(one singleton distractor and three homogeneous distractors),
ipsilateral distractor (one target, one singleton distractor to
the same hand, and two homogeneous distractors to the op-
posite hand), and contralateral distractor (one target and one
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homogeneous distractor to one hand, and one singleton dis-
tractor and one homogeneous distractor to the opposite hand).

2.3 | Procedure

Each trial started with the presentation of the tactile search
array (405-ms) followed by a 1,795-ms interval in which re-
sponses were collected. The interstimulus interval between
successive search arrays was set at 2,500 ms. At the end of
each block, participants were shown a summary of their per-
formance (mean accuracy and RTs).

There were 12 blocks of 80 trials each (960 in total). In
each block, the four different types of trials were randomly
intermixed. Target and distractor were equally likely to ap-
pear in any of the four locations (Figures 3 and 4, small in-
sets). Each type of trial was presented 16 times in each block,
except for the contralateral distractor condition which oc-
curred 32 times.'

Participants were instructed to respond as fast and accu-
rately as possible to the elevation of the target (top or bottom
finger) while ignoring the distractor and the fillers (no re-
sponse was expected on distractor only trials). They were also
asked to keep their eyes on the white fixation pin throughout
the blocks.

Before participants started the experiment, they com-
pleted a training phase in which they were familiarized with
the stimuli and the task. They completed a block of trials in
which they had to achieve an overall accuracy level of at least
60% to progress to the experiment. The responding foot was
alternated (left or right foot) after each block and the starting
foot was counterbalanced across participants.

2.4 | Behavioral analysis

Reaction times (RTs) on all trials were inspected for extreme
values using Tukey's fences method (Tukey, 1977), leading
to the exclusion of ~2.5% of the trials in each experiment.
For the remaining trials, only correct trials RTs were used
to compute the means. Because no response was required on
distractor only trials, performance on this type of trial was
reported, but not included in the statistical analyses. For the
remaining types of trials in which participants had to report
the location of the target (target only, ipsilateral and con-
tralateral distractor trials), mean accuracy rates, and mean
RTs were calculated and submitted to one-way repeated-
measures analyses of variances (ANOV As) with type of trial
as independent variable. Following main effects of trial type,
contrasts between the three trial types were carried out and
their p values were adjusted following the Bonferroni method
(three comparisons). These analyses were carried out sepa-
rately for each experiment.
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To determine the impact of stimulus saliency (differences
in the task-relevant and irrelevant vibro-tactile frequencies)
on the attentional processes of target selection, additional
mixed ANOVAs were carried out on the behavioral data of
both Experiment 1 and 2 (reported in the General Analyses
section). These included Experiment as between-subjects
factor and type of trial as a within-subjects factor. Following
significant type of trial X experiment interactions, planned
contrasts were carried out separately for each type of trial

to investigate the presence of reliable differences between
experiments.

Finally, to investigate whether the behavioral costs induced
by the presence of the distractor differed between experi-
ments, we ran additional two-factor mixed-design ANOVAs
in which the dependent variable was the distractor-presence
cost (calculated as a performance difference between dis-
tractor-absent—i.e., target only—and distractor-present tri-
als—i.e., ipsilateral and contralateral distractor trials—and
the independent ones were type of distractor (ipsilateral vs.
contralateral)) and experiment (Exp. 1 vs. Exp. 2). Follow-up
contrasts for type of distractor across experiments were car-
ried out, and their p values were adjusted using Bonferroni
corrections (two comparisons).

2.5 | Electrophysiological
recording and analysis

EEG was recorded using a BioSemi ActiveTwo amplifier
system from 64 active electrodes (Fpz, Fpl,Fp2, AFz, AF7,
AF3, AF4 AFS, Fz, F7, F5, F3, F1, F2, F4, F6, F8, FCz, FT7,
FCS, FC3, FC1, FC2, FC4 FC6, FT8, Cz, T7, CS5, C3, Cl,
C2, C4, C6, T8, CPz, TP7, CP5, CP3, CP1, CP2, CP4, CP6,
TP8, Pz, P9, P7, P5, P3, P1, P2, P4, P6, P§, P10, POz, PO7,
PO3, PO4, POS, Oz, O1, O2, and 1z) positioned according to
the 10-20 system. Two additional electrodes were placed on
the earlobes. Horizontal eye movements (HEOG) were re-
corded from two electrodes placed at the outer canthi of each
eye. Vertical eye movements (VEOG) were recorded from
two electrodes positioned above and below the right eye. The
EEG was sampled at 512 Hz.

EEG data were analyzed using Brain Vision Analyzer
(version 2.0.4.368). EEG was digitally re-referenced to the
average of the left and right earlobe and was digitally filtered
offline (high-pass filter 0.53 Hz, low-pass filter 40 Hz and
notch filter 50 Hz). The EEG was epoched into 500 ms in-
tervals starting 100 ms before and ending 400 ms after the
search array onset. Trials with eyeblinks (voltage exceeding
+60 pV on the VEOG channel), HEOG (voltage exceeding
+40 pV on the HEOG channel), and other artifacts (voltage
exceeding +80 pV at all other electrode sites) were excluded
from further analysis, as were trials with response errors.

In both experiments, ERPs were averaged relative to a
100 ms pre-stimulus baseline separately for all combina-
tions of the different types of trial (target only vs. distractor
only vs. ipsilateral distractor vs. contralateral distractor), and
stimulated hand (target to the left vs. right hand; or distractor
to the left vs. right hand for the distractor only trials). ERP
mean amplitude values were computed for each participant
at electrodes C5/6 (where the lateralized components of in-
terest were maximal in the present study, and in line with
previous studies from our lab, Ambron et al., 2018), within
two successive measurement windows 140-240 and 240-—
340 ms post-stimulus onset (see Ambron et al., 2018;Forster
etal., 2016).

To investigate whether the presence and location of a sa-
lient distractor modulated the electrophysiological signature
of attentional tactile target selection (N140cc), in both exper-
iments repeated-measures ANOVA were conducted for the
factors type of trial (target only, distractor only, ipsilateral
distractor, and contralateral distractor), target side (left vs.
right), and laterality (hemisphere contralateral vs. ipsilateral
to the target side). In these analyses, the presence of reliable
lateralized components is reflected by the main effect of the
factor laterality, indicating significant differences between
the hemisphere contralateral and ipsilateral to the target side.
Following significant laterality x type of trial interactions,
separate analyses were carried out for each type of trial, to
determine the presence of reliable N140cc lateralized compo-
nents. Then, the amplitude of these N140cc were then calcu-
lated by subtracting the ERPs elicited at electrodes ipsilateral
to the target from contralateral ERPs, separately for the dif-
ferent types of trials. To determine whether the N140cc am-
plitude was modulated by the presence and location of the
distractor, we run planned contrasts between the lateraliza-
tions observed on target only trials and all other types of trials
(distractor only, ipsilateral and contralateral distractor trials)
and between ipsilateral and contralateral distractor trials. The
p values were adjusted following the Bonferroni method.

In line with the behavioral data analysis strategy, we as-
sessed the impact of stimulus saliency on the attentional pro-
cesses of target selection through additional mixed ANOVAs
including Experiment as between-subjects factor. In these
analyses, reported in the General analyses section, we were
specifically interested in the type of trial x laterality x exper-
iment interactions. Following this, separate mixed ANOVAs
with laterality as within-subject factor and experiments as
between-subject factor were carried out separately for each
type of trial.

Whenever sphericity was violated (as defined by the
Mauchly's test), we reported the original degrees of freedom
together with the Greenhouse—Geisser values (reported as €).
Bonferroni-corrected p values and the number of compari-
sons are reported for all follow-up analyses.
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3 | RESULTS
3.1 | Behavioral results

3.1.1 | Accuracy

Experiment 1

Results of the ANOVA carried out on accuracy rates showed a
main effect of type of trial (F(2, 38) =49.52, e = .75, p < .001,
npz =.72). Planned contrasts between different trial types (three
comparisons) revealed that responses on target only trials were
more accurate than those on ipsilateral distractor trials (80% vs.
59%, respectively; t(19) = 8.14, p < .001, d = 1.82) and on con-
tralateral distractor trials (72%; 1(19) = 5.50, p < .001, d = .76).
Responses were less accurate on ipsilateral than contralateral
distractor trials (#(19) = —=5.91, p < .001, d = —1.06). Accuracy
results of Experiment 1 are shown in Figure 1, left panel.

Experiment 2

Analyses of accuracy rates revealed a significant main effect
of type of trial (F(2,38)=110.06,p < .001, 113 =.85). Similarly
to Exp. 1, planned contrasts (three comparisons) showed that
responses were significantly more accurate on target only tri-
als than on ipsilateral (88% vs. 50%, respectively; #(19) =
12.89, p < .001, d = 3.98) and contralateral distractor tri-
als (70%; 1(19) = 8.04, p < .001, d = 1.96). Responses were
more accurate on contralateral than on ipsilateral distractor
trials (#(19) = —=8.17, p < .001, d = —1.97). Accuracy results
of Experiment 2 are shown in Figure 1, right panel.

General analysis

Results of the mixed ANOVA on accuracy rates with experi-
ment as between-subject factor and type of trial as within
subject factor revealed a significant interaction between type
of trial and experiment (F (2, 76) = 12.18, ¢ = .84, p < .001,
nj = .24). Follow-up contrasts conducted separately for each

Experiment 1
100

[
o

Accuracy (%)

o
o

40
Contralateral distractor

Target only

Ipsilateral distractor

FIGURE 1

Accuracy (%)
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type of trial (three comparisons) revealed significant differ-
ences between experiments for target only trials (#(36.15)
= -2.61, p = .039, d = —.83). Responses were more accu-
rate in Exp. 2 than in Exp. 1 (88% vs. 80%, respectively).
Differences between experiments approached significance
on ipsilateral distractor trials (#(36.94) = 2.41, p = .06, d =
.76), while were not present on contralateral distractor trials,
1(36,98) = .51, p=1.8,d = .16).

Finally, the between-experiment analysis of distrac-
tor-presence costs for accuracy revealed a main effect of
experiment (F(1, 38) = 19.38, p < .001, 115 = .34), as tar-
get-presence costs were more pronounced in Exp. 2 than in
Exp. 1 (28% vs. 15%, respectively). We also observed a sig-
nificant main effect of distractor type (F(1, 38) = 100.71, p
< .001, ’7,3 = .73), as accuracy costs on ipsilateral distractor
trials were stronger than those observed on contralateral dis-
tractor trials (30% vs. 13%, respectively). Results also showed
a significant type of distractor x experiment interaction (F(1,
38) =491, p = .033, 17; = .11). Follow-up contrasts carried
out separately for each type of distractor-present trial (ipsilat-
eral vs. contralateral distractor, two comparisons), revealed
stronger distractor-presence costs in Exp. 2 than in Exp. 1 for
both ipsilateral (38% and 21%, respectively, #(37.53) = 4.19,
p < .001, d = 1.32) and contralateral distractor trials (17%
and 8%, respectively, #(33.95) = 3.45, p = .003, d = 1.09).

3.1.2 | Reaction times

Experiment 1

The ANOVA carried out on RTs revealed a significant main
effect of type of trial (F(2, 38) = 29.12, p < .001, nﬁ =.61).
Planned contrasts (three comparisons) indicated that re-
sponses on target only trials were significantly faster than
those on ipsilateral distractor trials (810 ms vs. 866 ms,
respectively, p < .001, #(19) = —6.27, d = —.40) and those

Experiment 2
100

o]
o

[=2]
o

40

Contralateral distractor

Target only

Ipsilateral distractor

Mean error rates shown separately for the target-present search arrays (target only, ipsilateral distractor, contralateral distractor)

in Experiment 1 (left panel) and Experiment 2 (right panel) in which participants searched for the lowest or highest vibro-tactile frequency in the

search array, respectively. Error bars represent 95% confidence intervals
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on contralateral distractor trials (830 ms, p = .006, #(19) =
—3.59, d = —.16). Ipsilateral distractor responses were sig-
nificantly slower than contralateral distractor ones (p < .001,
1(19) = 4.83, d = .28). RT results of Experiment 1 are shown
in Figure 2, left panel.

Experiment 2

RT results showed a significant main effect of trials type (F(2,
38) = 65.11, p < .001, nﬁ = .77). Planned contrasts (three
comparisons) indicated that responses were significantly
faster on target only trials than on ipsilateral distractor trials
(785 ms vs. 912 ms, respectively; #(19) = —-9.58, p < .001, d
= —.91) and on contralateral distractor trials (850 ms; #(19)
= —-8.08, p < .001, d = —.53). Furthermore, responses were
significantly faster on contralateral distractor trials than on ip-
silateral distractor trials (#(19) = 5.33, p < .001, d = .45). RT
results of Experiment 2 are shown in Figure 2, right panel.

General analysis

In the mixed ANOVA carried out on RTs, we observed a
significant type of trial X experiment interaction (F(2, 76)
= 13.90, ¢ = .80, p < .001, nz = .27). Follow-up contrasts
were conducted separately for each type of trial (three com-
parisons). No significant difference between experiments
was observed in any of these comparisons (target only trials,
1(38) = 0.76, p = 1.35, d = .24; ipsilateral distractor trials,
1(37.90) = —1.05, p = .9, d = —.33; and contralateral distrac-
tor, #(37.94) = —-0.55, p = 1.76, d = —.17).

The between-experiment analyses carried out on reaction
times costs showed a main effect of experiment (F(1, 38) =
25.54, p < .001, ni = .4). Responses were on average 37 ms
slower on distractor-present than on distractor-absent trials in
Exp. 1, whereas this difference increased to 94 ms in Exp. 2.
We also observed a significant main effect of distractor type
(F(1,38) = 50.70, p < .001, ;12 = .57), as shown by stron-
ger distractor-presence costs on ipsilateral than contralateral

Experiment 1

1000

©
[=]
o

Reaction Times (ms)
3
o

700

Contralateral distractor

Target only

Ipsilateral distractor

Reaction Times (ms)

distractor trials (89 ms vs. 42 ms, respectively). No signifi-
cant type of distractor x experiment interaction emerged in
this analysis (F(1,38) = 2.91, p = .096, nﬁ = .07). For both
ipsilateral and contralateral distractor trials, distractor-pres-
ence costs were higher in Exp. 2 than in Exp. 1 (for ipsilateral
distractor: 123 ms in Exp. 2 vs. 55 ms in Exp. 1, #33.69)
= —4.34, p < .001, d = —1.37; for contralateral distractor,
64 ms in Exp. 2 vs. 19 ms in Exp. 1, #(33.5) = —4.66, p <
001, d =—-1.47).

3.2 | ERP results

3.2.1 | Experiment 1

Figure 3 shows the somatosensory ERP waveforms elic-
ited by the four different tactile search arrays (types of tri-
als) over the hemisphere contralateral and ipsilateral to the
target side (or to the distractor side on distractor only trials)
in Experiment 1. This figure suggests that the presence of a
singleton distractor on distractor trials elicited a distractor-
related N140cc. In addition, the target-related N140cc was
smaller on contralateral distractor trials as compared to target
only trials.

Statistical analyses showed a significant main effect of
laterality for both the 140-240 ms (F(1, 19) = 18, p < .001,
n[% = .49) and the 240-430 ms time windows (F(1, 19) =
29.5, p < .001, ;15 = .6), reflecting the overall presence of
a statistically reliable N140cc component between 140 and
340 ms post-stimulus. Crucially, significant type of trial x
laterality interactions were observed in both time windows
(140-240 ms time window, F(1, 19) = 6.1, p = .008, n; =
.24; 240-430 ms time window, F(1, 19) = 16.3, p < .001,
r]i = .46), confirming that the amplitude of the N140cc com-
ponent was modulated by the presence the salient distractor
(Figure 3).

Experiment 2

1000

©
o
o

]
[=]
o

700

Contralateral distractor

Target only

Ipsilateral distractor

FIGURE 2 Mean reaction times shown separately for the target-present search arrays (target only, ipsilateral distractor, contralateral

distractor) in Experiment 1 (left panel) and Experiment 2 (right panel) in which participants searched for the lowest or highest vibro-tactile

frequency in the search array, respectively. Error bars represent 95% confidence intervals
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FIGURE 3 Grand-averaged ERPs elicited by the search arrays over the hemisphere contralateral (solid grey line) and ipsilateral (dashed

black line) to the target in the different types of trials of Experiment 1. In this experiment the frequencies of target, singleton distractor, and

homogeneous distractors were 12.5, 40, and 100 Hz, respectively. The corresponding difference waveforms calculated separately for the different

trials types are shown in the right panel. Note that on distractor only trials the lateralizations shown are contralateral to the singleton distractor

To establish whether significant N140cc were present on
the different types of trials separate ANOVAs were carried
out for each of these different search array. On target only
trials, the N140cc was observed in both 140-240 ms and
240-430 ms time windows (140-240 ms, F(1, 19) = 194,
p < .001, ;1; = .5; 240-430 ms, F(1, 19) = 27, p < .001,
113 =.59). On distractor only trials, the N140cc approached
significance between 140 and 240 ms post-array onset (F(1,
19)=24,p = .14, 111% =.11), but was reliably present in the
240430 ms time window (F(1, 19) = 17.9, p < .001, nﬁ =
49). On ipsilateral distractor trials, there was a significant
N140cc in both time windows (140-240 ms, F(1, 19) =11.5,
p = .003, 112 = .38; 240430 ms, F(1, 19) = 29.6, p < .001,
113 = .6). Similarly, a reliable N140cc was observed on con-
tralateral distractor trials between 140 and 340 ms post-ar-
ray onset (140-240 ms, F(1, 19) = 12.8, p = .002, 1113 = 4
240430 ms, F(1, 19) = 13.5, p = .001, n; =4).

To further explore the interaction between type of trial
and laterality, four theoretically driven paired comparisons
were carried out on the N140cc amplitudes computed by
subtracting ERPs elicited at electrode C5/6 ipsilateral to the
target from contralateral ERPs. The target-related N140cc
on target only trials was larger than the distractor-related
N140cc on distractor only trials in both time windows consid-
ered (140-240 ms, #(19) = 3.8, p = .004; 240-430 ms, #(19) =

4.1, p = .004). When the target-related N140cc observed on
target only trials was compared to that measured on ipsilat-
eral distractor trials, no differences emerged between 140 and
340 ms post-array onset (target only vs. ipsilateral distractor,
140-240 ms time window, #(19) = 1.3, p = .76; 240-340 ms
time window, #(19) = 1.7, p = .4). The amplitude of the
N140cc was larger on target only than on contralateral dis-
tractor trials between 240 and 340 ms post-stimulus, #19) =
4.1, p < .001 (but not in the early time window, 140-240 ms,
(#(19) = 1.1, p = 1.12). Finally, the N140cc was larger on
ipsilateral than contralateral distractor trials in the late time
windows, 240-340 ms, #(19) = 5.6, p < .001 (while this dif-
ference in the 140-240 ms interval did not reach significance
after Bonferroni adjustment, #(19) = 2.2, p = .152).

3.2.2 | Experiment 2

Figure 4 shows the somatosensory ERP waveforms elic-
ited by the four different tactile search arrays (types of tri-
als) over the hemisphere contralateral and ipsilateral to the
target side (or to the distractor side on distractor only trials)
in Experiment 2. As can be seen in this figure, a distractor-
related N140cc component was elicited contralateral to the
distractor on distractor only trials. Similarly to what observed

85U8017 SUOWWOD SAIEaID 3|(dedl|dde auy Aq peusenob ase sojoiie O ‘85N JO Sa|n 10y Aiq1T8UlUO A8]IA LD (SUOTHPUOD-PUR-SLLIBY/WO AS | 1M ARe.d1jBu 1 [UO//:SdhL) SUORIPUOD pue SWLB | 8L 88S *[£202/90/22] Uo Akeiqiauljuo A(Im ‘Wuewnood 79 tediq IWeistS Baly Aq 26GET dASA/TTTT 0T/I0p/wo0 Ao 1M Alelq 1 pu|uo//Sdily Woly pepeojumod ‘6 ‘0202 ‘9868697 T



MENA ET AL.

MIPSYGHOPHYSIOI.OGY

Target only Ipsilateral distractor
/// 7// \\ \\\ N
1V | c5/6 P ) Atv]cse
N 4 \ -3uv]| C5/6
/ n / w S
/ k/ \ / \
\ 'l
bV I’\/‘/ ' % ' 400ms A AN B PN 400ms
3uV \\ ’ “ J
Distractor only Contralateral distractor my
7% «Q\ V2N
-11uV | C5/6 ¢ , -11uV + C5/6 @':i) \
T A e Target only
A\ | N —— Distractor only
[ \ A\ \ - |psilateral distractor
/ i /A Contralateral distractor
ny ~N
o fF A 400ms VAR AL,/ 400ms
\,\
3uV Na 3uVv

Target g Distractor @)Homogeneous Distractor

Contralateral
Ipsilateral

FIGURE 4 Grand-averaged ERPs elicited by the search arrays over the hemisphere contralateral (solid grey line) and ipsilateral (dashed

black line) to the target in the different types of trials of Experiment 2. In this experiment the frequencies of target, singleton distractor, and

homogeneous distractors were 100, 40, and 12.5 Hz, respectively. The corresponding difference waveforms calculated separately for the different

trials types are shown in the right panel. Note that on distractor only trials the lateralizations shown are contralateral to the singleton distractor

in Experiment 1, the amplitude of the target-related N140cc
was reduced on contralateral distractor trials as compared to
target only trials. However, the N140cc observed on target
only trials was comparable to that obtained on ipsilateral dis-
tractor trials.

ANOVAs carried out on the mean amplitude ERPs
values measured in the 140-240 and 240-340 ms time
windows revealed the presence of a reliable N140cc com-
ponent in both these intervals (main effects of laterality,
140-240 ms, F(1, 19) = 52.3, p < .001, nﬁ = .73; 240-
340 ms, F(1, 19) =24.7, p < .001, ;13 = .56). Significant
type of trial x laterality interactions were present in both
time windows (140-240 ms, F(1, 19) = 15.1, p < .001,
Vl,% = .44; 240-340 ms, F(1, 19) = 13.7, p < .001, nj =.4),
demonstrating that different N140cc were elicited on dif-
ferent types of trial (Figure 4).

First, follow-up analyses were carried out to verify the
statistical presence of the N140cc component in the differ-
ent types of trials. On rarget only trials, the N140cc was
observed in both 140-240 and 240-340 ms time windows
(F(1, 19) = 70.7, p < .001, nﬁ =.79 and F(1, 19) = 34.5,
p < .001, nﬁ = .65, respectively). Likewise, on distractor
only trials, the N140cc was significantly present between
140 and 240 ms (F(1, 19) =91.4, p < .001, 115 = .8), and

between 240 and 340 ms post-array onset (F(1, 19) = 54.9,
p < .001, 11[% = .7). The N140cc was present in both time
windows also on ipsilateral distractor trials (140-240 ms,
F(1, 19) = 23.9, p < .001, n; =.56; 240-430 ms, F(1, 19)
= 9.5, p < .006, r]p2 = .33). On contralateral distractor tri-
als, the main effect of laterality was present between 140
and 240 ms post-array onset (F(1, 19) = 8.9, p <.007, nlf =
.32), but not between 240-340 ms post-stimulus (F(1, 19)
=0.9,p=.76, n}% =.005).

Second, the amplitude of the N140cc was computed by
subtracting ERPs elicited at electrode C5/6 ipsilateral to
the target from contralateral ERPs separately for each type
of trials. These difference amplitudes values reflecting the
N140cc amplitudes measured in the different types of trials
were then compared through four planned contrasts our com-
parisons. The target-elicited N140cc on target only trials was
larger than the distractor-elicited N140cc on distractor only
trials in the 140-240 time window (#(19) = 3, p = .028), but
not in the 240-340 ms time window (#(19) = 0.09, p = 3.6).
No difference emerged between the target-elicited N140cc
observed on target only trials and on ipsilateral distractor
trials between 140 and 340 ms post-stimulus (140-240 ms,
1(19) = 0.3, p = 2.8; 240-340 ms, #(19) = 0.9, p = 1.48). The
N140cc on target only trials was larger than that observed on
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contralateral distractor trials between 140 and 340 ms post-ar-
ray onset (140-240 ms, #(19) = 8.2, p < .001; 240-340 ms,
1(19) = 6.5, p < .001). A larger N140cc was also observed
on ipsilateral than contralateral distractor trials (140-240 ms,
1(19) = 4.4, p < .001; 240-340 ms, #(19) = 3.3, p = .012).

3.23 | General analysis

In the ERP analyses carried out between experiments, sig-
nificant type of trial x laterality x experiment interaction
emerged in both time windows considered (140-240 ms, F(3,
114) = 6.3, p < .001, 11[% =.14; 240-340 ms, F(3, 114) = 10,
p < .001, 11; = .21). Follow-up mixed ANOVAs including
the factors laterality and experiment were carried out sepa-
rately for each type of trial. Differences between the N140cc
elicited on rarget only trials were observed between 140 and
240 ms post-stimulus onset (F(1, 38) = 11.2, p = .002, 11; =
.22), as the N140cc reached its maximal amplitude earlier
in Exp. 2 than in Exp. 1. Furthermore, the distractor-related
N140cc was larger in Exp. 2 than in Exp. 1 on distractor only
trials in both time windows (140-240 ms, F(1, 38) =43.9, p
< .001, nﬁ = .53; 240-340 ms, F(1,38) =7, p < .011, 115 =
.16). The target-related N140cc observed on ipsilateral dis-
tractor trials differed between experiments in the later 240—
340 time window considered (F(1, 38) = 5.4, p < .025, 1113 =
.12). This difference reflected the presence of larger N140cc
amplitudes on ipsilateral distractor trials in Exp. 1 than in
Exp. 2. Finally, on contralateral distractor trials the target-
related N140cc was smaller in Exp. 2 than in Exp. 1 in the
240-340 time window (F(1, 38) =9, p < .005, nﬁ =.19).

4 | DISCUSSION

The aim of the present study was to investigate the electro-
physiological correlates of target selection as indexed by the
N140cc in a tactile search task in which a singleton distractor
was presented simultaneously with the target in the search
array. In two experiments, participants were asked to identify
the elevation (top vs. bottom location) of the target defined by
the slowest (12.5 Hz in Exp. 1) or fastest vibration (100 Hz in
Exp. 2) in a four-items search array, while ignoring all stimuli
characterized by the other frequencies. Notably, despite the
fact that there were differences between experiments driven
by the physical properties of the stimuli, the pattern of results
(differences between the N140cc components) on different
types of trials were similar across experiments, suggesting
that analogous attentional mechanisms were operating re-
gardless of the relative saliency of target and distractors. The
correlates of target selection in the presence of a singleton
distractor will be considered first, followed by a discussion of
the saliency effects observed in the two studies. ERPs elicited

IPSYCHUPHYSIOI.OGY K [ porn

by the presentation of the search array were recorded over
the somatosensory cortex ipsilateral and contralateral to the
hand where the target was presented. As expected on target
only trials, ERPs elicited over the hemisphere contralateral
to the target were more negative than those elicited over the
ipsilateral hemisphere, in line with existing evidence from
tactile search ERP studies (e.g., Ambron et al., 2018;Forster
et al., 2016;Katus & Eimer, 2019). Importantly, reliable lat-
eralizations were also observed in both experiments con-
tralateral to the distractor when this singleton was presented
among homogeneous distractors on target-absent trials. This
suggests that attention was directed to the distractor when
the target was not present in the search array (distractor only
trials), similarly to what has been reported in visual search
studies (e.g., Hilimire & Corballis, 2014). However, the re-
duced N140cc amplitudes observed on distractor only trials
as compared to target only trials indicated that reduced at-
tentional resources were directed to the singleton when this
was task-irrelevant.

To investigate whether the presence of the distractor af-
fects the attentional selection of the target, it is necessary to
consider trials in which both singletons compete for represen-
tation. Behavioral results showed clear distractor-presence
costs, with slower and less accurate responses on ipsilateral
and contralateral distractor trials as compared to target only
trials, suggesting that the irrelevant frequency-singleton dis-
tractor interfered with the selection of the task-relevant target
frequency. Distractor-presence costs were generally higher
when the distractor was ipsilateral than contralateral to the
target. This reveals that the target-distractor interference was
not simply due to the presence of an additional singleton item
in the search array but was mediated by their relative dis-
tance in line with existing evidence from visual search stud-
ies (e.g., Hickey & Theeuwes, 2011;McCarley, Mounts, &
Kramer, 2007;Mounts, 2000).

ERPs measured on contralateral distractor trials, in
which target and distractor were presented to different hands,
revealed the presence of a target-related N140cc. However,
the N140cc amplitude on contralateral distractor trials was
strongly reduced as compared to that observed on both target
only and ipsilateral distractor trials. This may indicate that re-
duced attentional resources were directed to the target when
the distractor was presented to the opposite hand or that, on
some trials, attention was directed to the distractor on the op-
posite hand rather than to the target, reducing the overall am-
plitude of the target-related N140cc. On ipsilateral distractor
trials, a reliable N140cc was observed contralateral to the
side of the two singletons. This component was larger than
the N140cc on contralateral distractor trials, but did not differ
from that observed on target only trials. Thus, the deploy-
ment of attention to the target as indexed by the N140cc was
similar on target only and ipsilateral distractor trials. Instead,
the singleton distractor delayed the localization of the target
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within the attended hand, as revealed by distractor-presence
costs.

Results of the present study revealed that the presence of
the singleton distractor affected the deployment of attention
to the target, as indexed by the N140cc, when these single-
tons were presented to opposite hands. Behavioral studies
have suggested that tactile search tasks are characterized
by inefficient serial processing (e.g., Halfen, Magnotti, &
Yau, 2019;0Overvliet, Smeets, & Brenner, 2007;Toet, Groen,
Oosterbeek, & Hooge, 2008). Because some tactile features,
including stimuli vibro-tactile frequencies, cannot be fully
processed pre-attentively, the selection of the target requires
the attentional processing of the distractor(s). In line with this
hypothesis, we observed that attention was directed at least in
part to the singleton distractor, when it was the only single-

ton in the array (distractor only) and when it was opposite to
the target (contralateral distractor). By contrast, the deploy-
ment of attention to the target was relatively unaffected by
the presence of the singleton distractor on the adjacent finger
of the same hand (ipsilateral distractor). That is, comparable
attentional resources were directed to the target side regard-
less of the type of distractor presented next to it (singleton or
homogeneous distractor), as revealed by the similar N140cc
observed on ipsilateral distractor and target only trials. This
may suggest that the N140cc component does not reflect the
filtering mechanisms responsible for the resolution of local
(within-hand) ambiguity. Because target-distractor competi-
tive interactions were clearly present in our study, as demon-
strated by distractor-presence costs on ipsilateral distractor
trials, it is possible that these were solved through non-lat-
eralized mechanisms in a way that was not reflected by the
N140cc lateralized component or that the conflict between
stimuli arose during later response selection stages.2 Overall,
the pattern of lateralized ERP components observed in the
present study suggests that the N140cc reflects primarily
the selection of the hand where the target is presented (i.e.,
the global allocation of attention to one hand vs. the other),
whereas it is relatively unaffected by competitive or suppres-
sive target-distractor interactions within that hand.
Interestingly, several observations from visual search
studies in which participants searched for a known target
have shown that the increased target-distractor interference
observed on ipsilateral distractor trials reflects distractor-re-
lated inhibitory processes which slow/hinder the processing of
the nearby target (Hickey & Theeuwes, 2011;Mounts, 2000).
Electrophysiological evidence has shown systematic N2pc
reductions when both target and distractor were present in the
search array as compared to target only trials (e.g., Hilimire
& Corballis, 2014). A similar N2pc reduction was also ob-
served when both singletons were on the same side of the
search array as compared to lateral target trials in which
the distractor was presented on the midline (e.g., Gaspar
& McDonald, 2014). These findings show that the N2pc

is modulated by the competitive influence of the distractor
on the target and is sensitive to the presence of localized at-
tentionally mediated competition between these singletons.
Although it has been suggested that the N140cc is the equiv-
alent of the visual N2pc observed in visual search tasks, our
results indicate that there might be relevant differences be-
tween the functional significance of these components.

An additional aim of this project was to determine the im-
pact of stimulus saliency on the attentional mechanisms of
target selection. Previous studies in touch have suggested that
responding to targets characterized by the greater intensity of a
feature is less demanding than searching for the absence or the
lesser intensity of a feature (e.g., Forster & Eimer, 2004;Whang,
Burton, & Shulman, 1991). The target singleton was character-
ized by the lowest vibro-tactile frequency in the search array in
Experiment 1 and by the highest frequency in Experiment 2,
respectively, and was therefore, the least or most salient item.
The direct comparison of results between experiments revealed
faster responses on target only trials in Exp. 2 than in Exp. 1,
confirming that the target localization occurred more quickly
for more salient targets. Furthermore, stronger distractor-pres-
ence costs were present in Exp. 2 than in Exp. 1. This increased
difference between distractor-absent and distractor-present tri-
als in Exp. 2 is at least in part driven by the improved perfor-
mance recorded on target only trials when the target was more
salient. The effect of stimulus saliency on target selection has
been well documented in visual search ERP studies in which
more salient targets led to larger and earlier N2pc components
(e.g., Gaspar & McDonald, 2014;Luck et al., 2006;T6llner,
Zehetleitner, Gramann, & Miiller, 2011). In line with these
findings, we observed a larger N140cc in Exp. 2 than in Exp.
1 on target only trials in the early time window (140-240 ms)
suggesting that attentional resources were deployed more read-
ily toward the target side when the target was the most salient
item in the search array. In addition, attention was more likely
to be directed to the singleton distractor when this was more
salient than the homogeneous distractor (in Exp. 2 as compared
to in Exp. 1), as demonstrated by the reduced amplitude of the
target-elicited N140cc observed on contralateral distractor tri-
als and the increased distractor-elicited 140cc amplitude ob-
served on distractor only trials.

The manipulation of saliency allowed us to assess the
possibility that the ERP differences observed between dif-
ferent types of trials were driven primarily by sensory im-
balances embedded in the tactile search arrays (i.e., stimuli
of different frequencies presented to the different hands).
If the N140cc reflected exclusively sensory asymmetries
between hemispheres, its amplitude should be maximal on
ipsilateral distractor trials when the two singletons are on
the same hand. This saliency-driven effect should be more
evident in Exp. 2 because the frequencies of target and dis-
tractor were more salient than those of the homogeneous
distractors. In contrast to this, similar N140cc components
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were observed on ipsilateral distractor and target only tri-
als in both experiments, regardless of stimulus salience.
Furthermore, the N140cc amplitude was larger on target
only than on distractor only trials in both studies, despite
the fact that the target frequency was more salient than the
distractor one in Exp. 2 but not in Exp. 1. Thus, although
it is likely that sensory asymmetries contributed to the
N140cc amplitudes, cognitive factors primarily determined
the presence and characteristics of this component in the
different experimental conditions.

In summary, results of the present studies demonstrated
for the first time that the presence of a singleton distractor
was detrimental for the selection of the tactile target in a
tactile search task. Responses were slower and less accurate
when the singleton distractor was present. Furthermore, ERP
results showed that attention was directed to the distractor
when this was the only singleton in the search array (dis-
tractor only trials) and when it was presented to the opposite
hand with respect to the target (contralateral distractor tri-
als). However, the N140cc amplitude was not modulated by
the increased target-distractor competition that characterized
ipsilateral distractor trials. These findings suggests that the
tactile N140cc might reflect the general deployment of atten-
tion to the task-relevant hand rather than the specific filtering
processes associated with the selection of the task-relevant
stimulus.
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ENDNOTES

! Because both target and distractor were equally likely to appear at
any of the four locations in the search array, when they were pre-
sented to opposite hands (contralateral distractor trials) they could
appear either both at the top location (target-distractor congruent
locations) or one at the top and one at the bottom location (tar-
get-distractor incongruent locations). These two types of trials
were collapsed as they were considered theoretically equivalent
and no difference emerged between congruent and incongruent
contralateral distractor trials in the ERP analysis of Exp. 1 (trial
type, congruent vs. incongruent, x laterality, F(1, 19) < 0.09,
p> .7, for both time windows considered) and of Exp. 2 (trial type,
congruent vs. incongruent, x laterality, F(1, 19) < 2.2, p> .15,
for both time windows considered). However, behavioural results
showed that response selection was more accurate on congruent
than incongruent contralateral distractor trials in Exp. 1 (accuracy:
76.22% and 67.81%, respectively, 1(19) = 4.09, p = .003, d = .91;
speed: 828 and 835 ms, respectively, #(19) = —1.17, p = 1.03,d =
—.26) and in Exp. 2 (accuracy: 81.4% and 60.6%, respectively; p
< .001, #(20) = 8.39, d = 1.83; RTs: 819 and 896 ms, respectively;
p < .001, 1(19) = —=7.56, d = —1.65). Thus, it is likely that a re-
sponse was activated for both target and distractor singletons, cre-
ating a conflict during the response selection stage, and delaying
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further the selection and execution of the correct response when

these singletons were presented at incongruent locations.

[S]

This latter possibility is directly supported by the direct comparison
of congruent and incongruent contralateral distractor trials in which
target and distractors singletons were presented to opposite hands at
the same or at different elevations, respectively, see Footnote 1. While
the allocation of attention indexed by the N140cc was relatively un-
affected by the different elevation of target and distractor on these
trials, there was a clear conflict between the singletons locations in
the behavioural results, suggesting that later processing stages such as
response selection and execution were affected by it.
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