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To investigate the distribution of tactile spatial attention near the current attentional focus, participants were
cued to attend to one of four body locations (hand or shoulder on the left or right side) to respond to infrequent
tactile targets. In this Narrow attention task, effects of spatial attention on the ERPs elicited by tactile stimuli
delivered to the hands were compared as a function of the distance from the attentional focus (Focus on the hand
vs. Focus on the shoulder). When participants focused on the hand, attentional modulations of the sensory-
specific P100 and N140 components were followed by the longer latency Nd component. Notably, when par-
ticipants focused on the shoulder, they were unable to restrict their attentional resources to the cued location, as
revealed by the presence of reliable attentional modulations at the hands. This effect of attention outside the
attentional focus was delayed and reduced compared to that observed within the attentional focus, revealing the
presence of an attentional gradient. In addition, to investigate whether the size of the attentional focus modu-
lated the effects of tactile spatial attention on somatosensory processing, participants also completed the Broad
attention task, in which they were cued to attend to two locations (both the hand and the shoulder) on the left or
right side. Attentional modulations at the hands emerged later and were reduced in the Broad compared to the
Narrow attention task, suggesting reduced attentional resources for a wider attentional focus.

attention in touch (for reviews see Gomez-Ramirez, Hysaj & Niebur,
2016; Sambo & Forster, 2011). In a series of event-related potential

1. Introduction

A significant body of evidence from behavioural studies shows that
covertly directing endogenous spatial attention to a body location has a
strong impact on the processing of tactile stimuli. Typically, responses to
tactile stimuli are faster (e.g. Spence et al., 2000) and more accurate (e.
g. Sathian & Burton, 1991) when the tactile stimulus is presented to the
attended location compared to other unattended locations. Further-
more, the detection of tactile stimuli is more efficient at attended than
unattended body locations (e.g. Butter et al., 1989; Bradshaw et al.,
1992, Whang et al. 1991; for reviews see Johansen-Berg and Lloyd,
2000; Gallace & Spence, 2014).

Electrophysiological studies have started to investigate the time-
course of the neural mechanisms responsible for the effect of spatial

(ERP) studies (e.g. Eimer & Forster, 2003a; Forster & Eimer, 2004;
Garcia-Larrea, Lukaszewicz & Mauguire, 1995; Michie, Bearpark,
Crawford & Glue, 1987; Van der Lubbe, Buitenweg, Boschker, Gerdes &
Jongsma, 2012; Van der Lubbe, Blom, De Kleine, Bohlmeijer, 2017), a
symbolic cue instructed participants to covertly attend to their left or
right hand. After a short interval, a tactile stimulus, either a target or a
non-target, was presented to the cued or uncued hand. Participants had
to covertly orient their attention to the cued location in order to respond
to infrequent targets at cued locations, while ignoring uncued targets as
well as all non-target stimuli, regardless of their location. The compar-
ison of ERPs elicited by non-targets presented to the cued and uncued
hand showed enhanced amplitudes of early- and mid-latency
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sensory-specific components (i.e. N80, P100 and N140) (e.g. Eimer &
Forster, 2003a; Forster & Eimer, 2004; Garcia-Larrea et al., 1995; Michie
et al., 1987; Van der Lubbe et al., 2012)*. These ERP components are
thought to relate to sensory-specific processing in the primary and sec-
ondary somatosensory cortices (Frot & Mauguiere, 1999; Hamalainen
et al., 1990; Mima et al., 1998). Thus, their attentional modulations
suggest enhanced activity of neurons within somatosensory cortical
areas with receptive fields anchored to the cued body location. The
attentional enhancement of the mid-latency ERP components is typically
followed by a sustained negativity for cued as compared to uncued
stimuli (starting approximately from 200 post-stimulus) which has been
suggested to reflect in-depth processing of potentially task-relevant
stimuli (e.g. Michie, 1984; Michie et al., 1987). Thus, the study of the
time-course of tactile spatial attention has demonstrated the presence of
attentional effects both at perceptual and post-perceptual processing
stages. Interestingly, although the effects of attention can occur during
the early stages of stimulus processing, single-cell studies have shown
that the strength and magnitude of these attentional modulations in-
crease as the sensory signal reaches higher order somatosensory areas (e.
g. Hsiao et al., 1993; Gomez-Ramirez et al., 2014; see Gomez-Ramirez
et al., 2016, for a detailed review).

A number of task-specific factors can modulate the time-course and
the amplitude of the effects of spatial attention on touch. For example,
attentional modulations of somatosensory processing occur earlier when
participants attend to the same body location throughout a block of
trials as compared to when the task-relevant body location is cued on a
trial-by-trial basis (sustained vs. transient attention, c.f. Eimer & Forster,
2003a; Zopf, et al., 2004; but see also Van der Lubbe et al., 2017; Blom &
Van der Lubbe, 2011; 2017; for different results with electrical noci-
ceptive stimuli). The timing of the attentional modulations of early so-
matosensory processing is also affected by the sensory modality of the
cue, with earlier attentional effect when a visual instead of tactile cues
are used (Forster, Sambo & Pavone, 2009) suggesting that the engage-
ment of the visual system alters mechanisms of tactile spatial selection.
Furthermore, the difficulty of the target/non-target discrimination can
selectively change the onset time of the attentional modulation during a
tactile spatial attention task (Gherri & Berreby, 2017).

Crucially, however, the majority of these studies have contrasted
ERPs elicited by stimuli presented to the cued vs. uncued hand. That is,
on each trial, the tactile stimulus was presented to one of two possible
body locations. For this reason, questions about the size and boundary of
the focus of attention in touch remain almost completely unexplored.
One initial attempt to address this question was carried out by Eimer and
Forster (2003b). In this ERP study the spatial distribution of tactile
spatial attention within the right hand was investigated by presenting a
tactile stimulus to one of four possible locations. In the ‘one location
task’ stimuli could be presented to one of two phalanxes of the middle
and index fingers and participants were instructed to attend to one of the
different phalanxes on different blocks of trials (one out of four possible
locations). When participants attended to one of those locations, the
effect of attention was stronger when the unattended stimulus was
delivered to the phalanxes on the uncued finger as compared to the
uncued phalanx of the attended finger. This reveals that participants are
less capable of filtering out unattended stimuli when these are close to

1 1t is worth noting that similar findings were also obtained in ERP studies
using the classic Posner cuing paradigm to investigate tactile spatial attention
(e.g. Jones & Forster, 2014). Here, a symbolic cue indicates the side of a
forthcoming target with 80% probability. After an interval a target is presented
and participants are asked to detect its presence, and to refrain from responding
on catch trials when the target is absent. This task has the advantage of pro-
ducing reliable behavioural effects of spatial attention (difference between cued
and uncued responses). Disadvantages of this task for ERP measures are related
to the different number of cued and uncued trials in each block, and to the
possible artifacts elicited by the motor response on each trial.
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the attentional focus. Nevertheless, the presence of an attention effect
within the same finger reveals that it is possible to attend to an area as
small as the phalanx. This shows that attention can be intentionally
narrowed, and that an attentional gradient exists within the hands.

More recently, Kida and colleagues (Kida, Tanaka & Kakigi, 2018)
investigated the within-hand distribution of the effects of spatial
attention to individual or multiple finger(s) of the same hand on cortical
MEG responses to tactile stimuli. The MEG Slc response at 60 ms was
greater for the attended finger than for the unattended finger, suggesting
within-hand, across-finger attentional selectivity in the early somato-
sensory cortex. Furthermore, the strength of the MEG SlIc response at
85 ms (likely corresponding to the P100 ERP component) for the stim-
ulation of the unattended finger decreased as a function of its distance
from the attended finger. Thus, the effects of tactile attention in the SlIc
are not completely selective, and instead they show a gradient (Kida
et al., 2018). While the size of the attentional focus in Kida et al.’s study
(2018) was larger than the one manipulated in Eimer and Forster study
(2003b), i. e. one finger vs. one phalanx, the presence of an attentional
gradient in both studies may simply be due to the fact that attentional
selectivity could not operate efficiently on such a small scale. In other
words, the area of the attentional focus was too small to be efficiently
selected by spatial attention in these studies. On the other hand, the
presence of an attentional gradient may also be a constant feature of
tactile spatial attention, independent of the size of the attentional focus.

Thus, one question that remains unanswered is whether tactile
spatial attention can efficiently select (i.e. can be restricted to) the cued
location, without spreading to contiguous but uncued body locations,
when the size of the attentional focus is increased. In the present study,
participants completed two transient attention tasks. In the Narrow
attention task, a visual cue presented at the beginning of each trial
instructed participants to attend to one of four possible locations. Here,
the cue indicated both the side (left or right) and the body part (hand or
shoulder) that participants had to attend (e.g. LH = left hand, LS = left
shoulder, RH = right hand, or RS = right shoulder) (Fig. 1, left and
middle panels). Thus, the size of the body area that had to be attended/
selected was increased in the present study compared to Eimer and
Forster’s study (2003b) and to Kida et al.’s study (2018), because par-
ticipants had to attend either to the hand or to the shoulder on the cued
side of the body. After a 1 s interval, a tactile stimulus was presented at
one of these four locations and could consist of either a target or a
non-target tactile stimulus (a fast or a slow vibration, respectively).
Participants had to vocally respond, by saying ‘PA’, to the target only
when it was presented to the location indicated by the cue. They were
instructed to ignore the target when it was presented at uncued loca-
tions, as well as all non-target stimuli at any locations. The speed and
accuracy of participants’ responses to the target were recorded together
with ERPs elicited by non-target stimuli (which were equally likely to
appear at any of the four locations).

One aim of this study was to investigate whether spatial attention
can be restricted to one body location (either the hand or the shoulder)
or whether it spills over to the ipsilateral but unattended location (the
shoulder or the hand, respectively). Due to the relevant differences be-
tween ERPs elicited by the tactile stimuli to the hand and to the shoul-
ders (in terms of time course, shape and scalp distribution), analyses
were restricted to trials in which a tactile stimulus was delivered to the
hand. Hence, effects of spatial attention for ERPs elicited by tactile non-
target stimuli to the hand were calculated separately when participants
attended to one hand (Focus on the hand, Narrow attention, Fig. 1, left
panels (1)) and when they attended to one shoulder (Focus on the
shoulder, Narrow attention, Fig. 1, middle panels (2)). When partici-
pants focused on one hand (Fig. 1, left panels (1)), we expected to
observe attentional modulations (differences between ERPs elicited by
stimuli to the hand on the attended vs. unattended side) similar to those
already reported in the literature (e.g. Eimer & Forster, 2003a; Forster &
Eimer, 2004; Garcia-Larrea et al., 1995; Michie et al., 1987; Van der
Lubbe et al., 2012; 2017). The critical question was whether effects of
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Narrow Attention

(1) Focus on the hand

-
-

Attended
side

,\

CUe= Left hand (LH)
@Target = Left hand

Unattended
side

‘Cué= Right hand (RH)
@Target = Left hand

Cué= Left shoulders (LS)
@Target = Left hand

«Cué*= Right shoulders (RS)
@Target = Left hand
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Broad Attention

(2) Focus on the shoulder (3) Focus on hand + shoulder

Cue= Left arm (LA)
@Target = Left hand

-

/

‘Cué= Right arm (RA)
@Target = Left hand

Fig. 1. Schematic representation showing the attentional manipulations in the Narrow (left and central panels) and Broad (right panels) attention tasks. The location
of the four tactile stimulators positioned on participants hands and shoulders is represented by light grey circles. In the Narrow attention task, participants were
instructed by a visual cue to attend to either the hand or the shoulder of the left or right side (one out of four possible locations). In the Broad attention task,
participants were instructed to attend to both the hand and the shoulder of the left or right side (two out of four possible locations). Dashed red ovals indicate the
cued target location(s) (the visual cue consisted of the letters ‘LH’, ‘RH’, ‘LS’ or ‘RS’ on different trials of the Narrow attention task and of the letters ‘LA’ or ‘RA’ on
different trials of the Broad attention task). 1000 ms after cue onset a tactile stimulus (either a target or a non-target) was delivered to one of the four possible
locations. In this figure, red filled circles represent the location of the tactile stimulus (see the Method section for further details). Participants were instructed to
covertly direct attention to the location(s) indicated by the cue. They had to respond vocally (by saying ‘PA’) to tactile targets presented at the cued location while
ignoring targets at uncued locations as well as all non-targets. Note that in this figure tactile stimuli are always presented to the left hand, however in the experiment

tactile stimuli were presented randomly to all four locations on different trials.

attention would also be observed at the hands (differences between ERPs
elicited by stimuli to the hand on the attended and unattended side)
when attention was focused on one shoulder (see Fig. 1, middle panels
(2)). If the focus of attention can be narrowly restricted to one shoulder,
no effects of attention will be observed at the hand. By contrast, if
attention cannot be focused solely on to the shoulder and ‘spills over’
onto the ipsilateral hand, effects of spatial attention will also be
observed at the hand.

In addition to the Narrow attention task, participants also completed
the Broad attention task (Fig. 1, right panels, (3)) in which they were
explicitly instructed to widen their attentional focus to attend to both
the hand and the shoulder of the attended side of the body (i. e. two out
of four body locations) in order to respond to targets presented at either
location. In this task, the cue indicated the whole arm that participants
had to attend (left or right arm; LA, or RA), encompassing both hand and
shoulder. This experimental manipulation allowed us to contrast
directly the effects of spatial attention (differences between ERPs eli-
cited by stimuli to the hand on the attended and unattended side) when
participants were instructed to distribute their attentional resources
across both hand and shoulder on the attended side (Broad attention
task, Fig. 1, right panels (3)) and when they were instructed to focus
exclusively on the hand (Narrow attention task, Focus on the hand,
Fig. 1, left panels (1)). If attention can be narrowly focused on one hand,
we expect to observe earlier and/or stronger effects of attention as
compared to the Broad attention task, in which attentional resources are
distributed across both hand and shoulder. By contrast, if attention

cannot be fully restricted to one hand, differences between attentional
modulations observed in the Narrow attention, Focus on the hand task
(Fig. 1, (1)) and Broad attention task (Figs. 1, (3)) will be less evident.

2. Method
2.1. Participants

An a priori power analysis was conducted using G*Power version
3.1.9.7 (Faul et al., 2007) for sample size estimation, based on data
previously published from our lab (Gherri & Berreby, 2017; N = 12).
The effect size for the effect of attention in the experimental condition
comparable to the one used in the present study was np? = .4. With a
significance criterion of o = .05 and power =[ 0.80 the minimum sam-
ple size needed with this effect size was N = 15. To control for possible
drop-out or exclusion of participants we tested nineteen paid volunteers
in this experiment. Three participants were excluded due to excessive
residual HEOG in the EEG trace (see below). Thus, the sample contained
16 participants (12 women, 4 right-handed, aged 18-25). All had
normal or corrected-to-normal vision and were naive as to the purpose
of the study.

The study was approved by the PPLS Research Ethics Committee of
the University of Edinburgh and was carried out in accordance with the
ethical standards as laid down in the 1964 Declaration of Helsinki and its
later amendments. Participants gave written consent to participate in
this study prior to the beginning of the study after the nature of the study
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had been explained to them. They completed the study in exchange for a
small monetary reward.

2.2. Apparatus and stimuli

Participants were tested in a sound-attenuated, dimly lit cabin, fac-
ing a computer screen at a distance of approximately 50 cm. They were
seated with arms resting on chair supports and their hands resting on the
table (palms face down) with index fingers located approximately
shoulder width apart. To mask any sounds made by tactile stimulators,
participants wore earplugs, and a speaker positioned centrally below the
computer screen presented white noise at 65 dB SPL throughout the
experimental blocks. Participants’ arms were covered by a black cloth
during the experiment to make sure that visual information about the
body would not affect tactile processing. A microphone placed on the
table recorded vocal responses.

Tactile stimuli were presented using 4.5V solenoids that were
driving a metal rod with a blunt conical tip to the fingers which made
contact with the skin whenever a current was passed through the sole-
noid. Four tactile stimulators were attached with adhesive medical tape
to two different locations (index finger and shoulder) of the left and right
arm. A black cloth was placed over participants’ hands and arms to
prevent their visibility.

Visual cues consisted of two letters presented for 100 ms from the
centre of the screen (2 x2 of visual angle). One letter indicated the cued
side (‘L' for left and ‘R’ for right) while the other the cued body part (‘H’
for hand, ‘S’ for shoulders for the cue in the Narrow attention task and ‘A’
for arm for the cues in the Broad attention task). A central fixation cross
presented on the screen (1 x1) replaced the visual cue after their offset
and remained visible throughout the trial.

Tactile stimuli (205 ms long) were either slow vibrations (the rod
touched the skin for 5 ms followed by a 35 ms empty interval, repeated 5
times), or a fast vibration (the rod touched the skin for 5 ms followed by
a 5 ms empty interval repeated 20 times).

2.3. Procedure

The experiment consisted of 18 blocks with 108 trials per block. Each
trial started with the presentation of the visual cue on the screen for
100 ms which indicated the task-relevant location(s). This was replaced
by a visual fixation cross which remained visible until the end of the
trial. After 900 ms from cue offset, a tactile stimulus was delivered to
one of the four possible body locations (205 ms duration). The following
trial started after an inter-trial interval which varied randomly between
1200 and 1300 ms.

Participants performed two tasks: The Narrow attention task, con-
sisting of 12 blocks, and the Broad attention task, consisting of 6 blocks.
Different number of blocks for the two tasks were necessary in order to
have the same number of non-target trials — upon which the ERP analysis
was based — for all cued and uncued locations in both the Narrow and
Broad attention tasks.

In the Narrow attention task, the cue indicated both the task-relevant
side (left vs. right) and the task-relevant body part (hand vs. shoulder).
Thus, participants were instructed to focus their attention on one of the
four locations (LH left hand, RH right hand, LS left shoulder or RS right
shoulder) while ignoring the remaining three locations. In the Narrow
attention task, 80 non-targets were presented in each block. 20 non-
targets were delivered to the location indicated by the cue, while the
remaining 60 were equally likely to be presented in one of the three
remaining uncued locations. In each block, a tactile target was presented
on 28 trials - 16 times to the cued location, thus requiring a response,
and 12 times to the remaining three uncued locations (4 trials each).

In the Broad attention task, the cue indicated the task-relevant side
(left vs. right arm, ‘LA’ left arm, ‘RA’ right arm). Participants were
instructed to attend to both body parts (hand and shoulder) on the cued
side while ignoring the remaining two body parts on the opposite
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uncued side. On each block of the Broad attention task, a non-target
stimulus was presented on 80 trials, 40 times to the cued arm and 40
times to the uncued arm. On the remaining 28 trials, a target was pre-
sented instead, 16 times to the cued arm, thus requiring a response, and
12 times to the uncued arm.

In both tasks, tactile stimuli were presented in a random order. On
half of all trials, stimuli were presented to the left or right hand, and on
the remaining half, to the left or right shoulder. Participants were
instructed to covertly attend to the location indicated by the cue. They
had to respond vocally (by saying ‘PA’) to tactile targets presented at the
cued location while ignoring targets at uncued locations as well as all
non-targets. They were also instructed to keep their eyes on the central
fixation on the screen at all times and to responds as quickly and as
accurately as possible upon the presentation of the tactile stimulus.

After the end of each block, participants were allowed to take a break
and were given visual feed-back about their overall performance (RTs
and accuracy) The order in which the tasks were completed (Narrow
attention task followed by Broad attention task or viceversa) was
counterbalanced across participants. Participants completed one block
of training (108 trials) before each task.

2.4. EEG recording and data analysis

EEG was recorded using a BIOSEMI system from 64 active electrodes
(Fpz, Fpl, Fp2, AFz, AF7, AF3, AF4 AFS8, Fz, F7, F5, F3, F1, F2, F4, F6,
F8, FCz, FT7, FC5, FC3, FC1, FC2, FC4 FC6, FT8, Cz, T7, C5, C3, C1, C2,
C4, C6, T8, CPz, TP7, CP5, CP3, CP1, CP2, CP4, CP6, TPS, Pz, P9, P7, P5,
P3, P1, P2, P4, P6, P8, P10, POz, PO7, PO3, PO4, P08, Oz, O1, 02, Iz)
positioned according to the 10-20 system. Two additional electrodes
placed on the earlobes served as offline references and their impedances
were kept as equal as possible. Horizontal EOG was recorded from two
electrodes placed at the outer canthi of each eye and vertical EOG was
recorded from two electrodes positioned above and below the right eye.

EEG and EOG were sampled with a digitization rate of 512 Hz and
stored on disk for offline analysis. Data were analysed using the Brain
Vision Analyser software (version 2.0.4.368). EEG was digitally re-
referenced to the average of the left and right earlobe and was digi-
tally filtered offline (high-pass filter 0.53 Hz, low-pass filter 40 Hz and
notch filter 50 Hz). EEG was epoched into 450 ms intervals starting
100 ms before and ending 350 ms after non-target onset. Trials with eye
blinks (voltage exceeding + 60 pV on the VEOG channel), horizontal
eye movements (voltage exceeding + 40 uV on the HEOG channel) and
other artefacts (voltage exceeding + 80 pV at all other electrode sites)
were excluded from further analysis, as were trials with response errors.
Gaze direction can alter the processing of tactile information (Gherri &
Forster, 2015) and modulate tactile attention (Gherri & Forster, 2014)
even when the tactually stimulated body part (e.g. the hand) is hidden
from view. Accordingly, and in line with the analysis procedure used in
previous studies from our lab (Gherri & Eimer, 2008; Gherri & Forster,
2012a; 2012b; 2014; 2015; 2017), we checked the hEOG data for re-
sidual eye movement activity towards the cued side. Averaged HEOG
waveforms obtained in the cue-target interval in response to cues were
scored for systematic deviations of eye positions. Residual HEOG de-
flections exceeding + 4 uV led to the exclusion of three participants.

To avoid contamination by vocal responses to the cued targets, only
ERPs elicited by non-targets stimuli were included in the ERP analysis,
in line with existing literature. Because the timing and shape of early
somatosensory components elicited by stimuli presented to the hands
and shoulder is different, only ERPs elicited by non-target stimuli pre-
sented to the hands were included in the analyses. ERPs recorded on
these trials were averaged relative to a 100 ms pre-stimulus baseline for
all combinations of attention (attended vs. unattended side), and task
(Narrow attention, Focus on the hand (1) vs. Narrow attention, Focus on
the shoulder (2) vs. Broad attention (3)) and stimulated hand (left vs.
right hand). ERP mean amplitudes were computed at lateral electrodes
FC3/4, C3/4, CP3/4, FC5/6, C5/6, CP5/6 for each participant within



E. Gherri et al.

successive measurement windows centred on the P100 (90-120 ms) and
the N140 (130-170 ms) components, as well as for longer latencies
(Nd1, 180-290 ms and Nd2, 290-350 ms post-stimulus onset). Appro-
priate time windows were selected based on our earlier studies on tactile
spatial attention in combination with an inspection of the grand-average
waveforms. For the early sensory specific P100 and N140 components
we used time windows previously considered in our earlier work (Gherri
& Forster, 2012; Gherri & Berreby, 2017). For the later Nd component,
we chose two consecutive time windows (c.f. Gherri & Berreby, 2017).
These later time windows were centered on the N2 and on the later P3
components, as determined by visual inspection of the grand-average
waveforms.

Mean amplitude values were analyzed using repeated measures
ANOVAs, including the factors attention (attended vs. unattended side),
task (Narrow attention, Focus on the hand vs. Narrow attention, Focus
on the shoulder vs. Broad attention), laterality (hemisphere contralat-
eral vs. ipsilateral to the stimulated hand) and electrode site (FC3/4, C3/
4, CP3/4, FC5/6, C5/6, CP5/6). In these ANOVAs, we were specifically
interested in attention x task interactions reflecting systematic differ-
ences between the spatial attention effects measured under different
attentional gradient conditions (Narrow attention, Focus on the hand (1)
vs. Narrow attention, Focus on the shoulder (2) vs. Broad attention (3)).
To this end, following significant attention x task interactions, we first
assessed the presence of reliable attention effect separately for each of
the three gradients (shown in Fig. 2). The absence of effects of attention
observed at the hand when participants focused on the shoulder in the
Narrow task (2), would show that under narrowly focused attention

Narrow Attention
(1) Focus on the hand

(2) Focus on the shoulder
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conditions, effects of spatial attention were restricted to the attended
shoulder. By contrast, their presence would suggest that attention spilled
over from the shoulder to the hand on the attended side. Next, we
calculated the effects of spatial attention by subtracting ERPs elicited by
stimuli to the unattended side from those elicited on the attended side,
separately for the three tasks. These difference waveforms (shown in
Fig. 3) were then compared between tasks (appropriate corrections for
multiple comparisons were applied). First, we compared attention ef-
fects in the Narrow task (Focus on the hand (1) vs. Focus on the shoulder
(2)) to determine the presence of an attentional gradient whereby effects
of attention decrease as the stimuli are presented further away from the
attentional focus. Then, we compared the effects of spatial attention
observed under narrowly focused conditions (Narrow attention, Focus
on the hand (1)) and those observed under broadly focused conditions
(Broad attention task (3)) to determine whether the size of the atten-
tional focus modulated the effects of tactile spatial attention on so-
matosensory processing.

Greenhouse-Geisser adjustments to the degrees of freedom were
performed when appropriate, and adjusted F and p values were
reported.

Because the ERP analysis only included trials in which tactile stimuli
were delivered to one of the hands, the behavioural analysis was also
restricted to the same trials. In both the Narrow and Broad attention
tasks, only targets presented at the cued location(s) required a vocal
response. Thus, when participants focused on the left or right shoulder
(Narrow attention, Focus on the shoulder (2)) and the tactile stimuli
were delivered to the hands (i.e. to the uncued body location), no vocal

Broad Attention

(3) Focus on hand + shoulder
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Fig. 2. Grand-averaged somatosensory ERPs elicited by tactile non-target stimuli delivered to the hand on the attended (solid line) or unattended side (dashed line)
in the 350 ms following stimulus onset (relative to a 100 ms pre-stimulus baseline) at central electrode sites C3/4 contralateral (c) and ipsilateral (i) to the stimulated
hand. These ERP waveforms are represented separately for tactile non-target stimuli in the Narrow attention task, when participants focused on the hand (1) or when
they focused on the shoulder (2) on the attended side, and in the Broad attention task when participants focused on both hand and shoulder (3) on the attended side.
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Fig. 3. Difference waveforms at central electrode sites C3/4 contralateral (c) and ipsilateral (i) to the stimulated hand, obtained by subtracting ERPs elicited by
tactile non-target stimuli to the hand on the attended side from those on the unattended side. These difference waveforms were calculated separately for the Narrow
attention task, when attention was focused on the hand (black solid line, (1)), for the Narrow attention task, when attention was focused on the shoulder (black dashed
line, (2)), and for the Broad attention task when attention was focused on both hand and shoulder (solid grey line, (3)). The corresponding topographical maps for
these conditions are shown separately for the four time-windows considered, corresponding to the ERP components of interest: P100 (90-120 ms), N140
(130-170 ms), Nd1 (180-280 ms) and Nd2 (290-350 ms). In these maps, electrodes on the left hemisphere are contralateral to the tactually stimulated hand, while

those on the right hemisphere are ipsilateral to the tactually stimulated hand.

response was required. Hence, vocal responses were only present for
cued targets in the Narrow attention task, Focus on the hand (1) and in
the Broad attention tasks (3). The first analysis compared the speed and
error rates (failure to respond) observed in the Narrow attention task,
Focus on the hand (1), and in the Broad attention task (3), on cued target
trials in which the target was delivered to the hand. Next, the accuracy
rates observed on non-target trials were submitted to an ANOVA with
attention (stimulus on the attended vs. unattended side) and task
(Narrow attention, Focus on the hand (1) vs. Narrow attention, Focus on
the shoulder (2) vs. Broad attention (3)) as within subject factors.

3. Results
3.1. Behavioural performance

The first comparisons involved performance on cued target trials in
which the target was delivered to the hand. No reliable differences
emerged between the speed of vocal responses to tactile targets pre-
sented to the cued hand in the Narrow task, Focus on the hand (1)
(557 ms) and in the Broad attention task (3) (554 ms), F(1, 15)= 0.068,
p =[ 0.79 np?= .005. Also the number of errors on cued target trials
(failure to respond) did not differ statistically between tasks (F(1, 15)=
0.66, p = .42, np>= .043). Participants failed to respond on 3.4% of cued
targets in the Narrow task, Focus on the hand (1), and on 4.4% of these
trials in the Broad attention task (3).

Non-target stimuli had to be ignored regardless of their locations

(thus no vocal response was expected on these trials). Accuracy rates on
non-target trials were analyzed with a repeated measures ANOVA with
attention (attended vs. unattended side) and task (Narrow task, Focus on
the hand (1) vs. Narrow task, Focus on the shoulder (2) vs. Broad
attention task (3)) as within-subjects factors. The main effect of atten-
tion (F(1, 15)= 7.1, p = .018, np2: .32) revealed that participants were
more accurate on trials in which the non-target was presented to the
unattended rather than to the attended side (99.9% vs. 99.7%, respec-
tively). Participants were more likely to make errors (false alarms) on
the attended side because only on that side did they have to discriminate
between targets and non-targets. The interaction between attention and
task failed to reach significance (F(1.6, 24.1)=3.27, p =.065,
np’=.18).

3.2. Somatosensory ERPs elicited by tactile non-target stimuli presented to
the hands

Fig. 2 shows ERPs elicited by non-target stimuli presented to the
hand located on the attended and unattended side (solid and dashed
lines, respectively) for electrode sites C3/4 located over the hemisphere
contralateral (c) and ipsilateral (i) to the tactually stimulated hand. The
effect of spatial attention is represented separately for the three exper-
imental conditions. Left and central panels show ERPs in the Narrow
attention task. Here, the effect of spatial attention (ERPs elicited on the
attended vs. unattended side) is represented separately when partici-
pants focused on the hand (Fig. 2, left panels, (1)), when they focused on
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the shoulder (Fig. 2, middle panels, (2)), and when they focused on both
the hand and the shoulder (Fig. 2, right panels, (3)) on the attended side.
The corresponding difference waveforms (attended side-minus-
unattended ERPs) are shown in Fig. 3, separately for electrodes C3/4
ipsilateral and contralateral to the stimulated hand. Black lines repre-
sent the Narrow attention task with solid and dashed lines indicating the
effect of spatial attention when participants focused on the hand (1) and
when they focused on the shoulder (2), respectively. Grey lines represent
the Broad attention task in which they focused on both hand and
shoulder (3). The scalp distribution of these difference waveforms is also
shown in Fig. 3 for four time-intervals between 90 and 350 ms post-
stimulus, corresponding to the ERP components of interest (P100,
N140, Nd1 and Nd2), and separately for the different experimental
conditions.

As can be seen from these figures, differences between ERPs elicited
by stimuli to the hand on the attended and unattended side emerged
earlier and were stronger when attention was focused exclusively on the
hand (Narrow attention task, Focus on the hand (1); see Fig. 2, left
panels and Fig. 3, solid black line) rather than spread between the hand
and the shoulder (Broad attention task (3); see Fig. 2, right panels and
Fig. 3, grey line). However, an effect of spatial attention also emerged at
the hands when participants focused on the shoulder in the Narrow
attention task (2) (see Fig. 2, middle panels and Fig. 3, dashed black
line), suggesting that even when attention was focused on one single
location it spilled over to adjacent body locations.

In the P100 latency range (90-120 ms post-stimulus), results
revealed a significant main effect of attention (F(1, 15)= 5.6, p = .031,
np?=.27) demonstrating the overall presence of attentional modula-
tions in this time window. Importantly, however, systematic differences
emerged between the main effect of attention in the three tasks, as
indicated by the attention x task (F(1.893, 28.395)= 4.1, p =.027,
an: .22) and the attention x task x laterality (F(1.861, 27.9)= 5.4,
p = .012, np>= .26) interactions. Separate analyses were carried out for
each of the three tasks to investigate the presence of reliable main effects
of attention in the P100 time range. In the Narrow task, Focus on the hand
(1), a significant main effect of attention (F(1, 15)=7.8, p =.013,
np>= .34) was further modulated by laterality (F(1, 15)= 5.7, p = .031,
np2: .27). Reliable P100 attentional modulations were observed over
electrodes contralateral to the stimulated hand (F(1, 15)=10.4,
p = .006, np>= .4) but not over ipsilateral ones (F(1, 15)= 2.7, p = .12,
np>= .15). No P100 modulations were present in the Narrow task, Focus
on the shoulder (2) (main effect of attention, F(1, 15)=1.9, p = .18,
an: .117; attention x laterality, F(1, 15)= 3.2, p =.093, an: .17). In
the Broad attention task (3), neither the main effect of attention (F(1,
15)= 2.6, p = .12, np>= .15) nor the attention x laterality interaction (F
(1, 15)=3.9, p =.064, np*=.2) were statistically significant. This
pattern of results revealed that the effects of attention on the P100
component were exclusively present when tactile spatial attention was
narrowly focused on the hand on the attended side over contralateral
electrodes (see Fig. 2). This conclusion was further substantiated by the
comparison of the attention effects (calculated as the difference between
attended and unattended waveforms) between tasks, see Fig. 3. The
effect of attention observed at the hand when participants focused on the
hand (Narrow attention (1)) was stronger than the ones observed when
they focused on the shoulder (Narrow attention (2)), t(15) = 2.25,
p = .04, d= 0.56, and when they focused on both hand and shoulder (
Broad attention task, (3)), t(15) = 2.3, p =.035, d= 0.58.

In the following time window (130-170 ms post-stimulus), signifi-
cant main effects of attention (F(1, 15)= 14.2, p = .002, an: .48) were
reflected by enhanced N140 components for stimuli on the attended as
compared to the unattended side. Importantly, no significant differences
emerged between the amplitude of the N140 attentional modulations
measured in the three different tasks depicted in Fig. 1, as suggested by
the absence of attention x task (F(1.757, 26.35)=.9, p =[0.38
np2: .06) and by attention x task x laterality (F(1.4, 21.09)= .69, p =
[ 0.46 np3=.04) interactions. Spatial attention effects were reliably

Biological Psychology 178 (2023) 108544

present in all experimental conditions as confirmed by follow-up ana-
lyses (main effect of attention, all F(1, 15)> 5.3, all p <.036, all
np>> .26. As can be seen in Figs. 2 and 3, the presence of similar N140
attentional modulations when participants focused on the hand and
when they focused on the shoulder in the Narrow attention task, (1) vs.
(2), suggests that spatial attention was broadly distributed across both
locations on the attended side in this time window. Indeed, effects of
attention in the Narrow task were also similar to those observed when
participants were explicitly instructed to broaden their attentional focus
to the whole arm (Broad attention task, (3)).

Between 180 and 280 ms post-stimulus onset, ERPs elicited by
stimuli presented on the attended side were more negative than those
presented on the unattended side as revealed by the main effect of
attention (F(1, 15)= 37.9, p < .001, an: .7). This sustained attentional
negativity (negative difference, Nd) for stimuli on the attended as
compared to the unattended side was present in a similar fashion in the
three experimental tasks as suggested by the absence of attention x task
(F(1.51, 22.646)=1.8, p = .19, npzz .1) and of attention x task x lat-
erality (F(1.56, 23.44)=1.9, p = .15, npzz .11) interactions. Separate
analyses conducted for each task, confirmed the presence of main effects
of attention in all tasks (all tasks F(1, 15)> 14.2, all p > .002, all
np>> .48). Analogously to the results observed in the N140 time win-
dow, this pattern of results suggests a wide focus of attention spreading
over the entire attended side in the Narrow attention task (both in (1)
and (2)), similar to the result observed in the Broad attention task (3).

In the final time window (290-350 ms post-stimulus), the presence
of the late phase of the attentional Nd was indicated by the main effect of
attention (F(1, 15)= 54.9, p < .001, an: .78). As can be seen in Figs. 2
and 3, attentional ERP modulations were most pronounced in the Nar-
row task, when participants focused on the hand (1). This difference
across the three tasks was substantiated by an attention x task interac-
tion (F(1.62, 24.311)=8.3, p =.003, np2: .35). Reliable effects of
attention were present in all tasks (all t(15) > 4.7, p < .001, d> 1). The
attended-minus-unattended waveforms, shown in Fig. 3, were calcu-
lated separately for the three experimental tasks and compared across.
The attentional modulations observed at the hand were stronger when
participants focused on the hand in the Narrow condition (1) compared
to when they focused on the shoulder (2) (t(15) = —3.59, p =.003,
d=.9). As can be seen in Figs. 2 and 3, this difference suggests a nar-
rower focus of attention during later processing stages, but also the
presence of an attentional gradient. The attentional modulations
observed when participants focused on the hand in the Narrow condi-
tion (1) were also stronger than those observed when they focused on
both hand and shoulder (Broad attention task (3)) (t(15) = 3.5, p =
[ 0.003 d= .88). This suggests that the size of the attentional focus
modulates the effects of tactile spatial attention on somatosensory pro-
cessing, with smaller attention effects for broader foci (See Figs. 2 and
3).

4. General discussion

Most studies of tactile spatial attention have focused on the com-
parison between ERPs elicited by tactile stimulus presented either to the
attended hand or to the opposite unattended hand. Although these
studies have provided valuable information about the time course of the
attentional modulations of somatosensory processing, the comparison
between stimuli delivered to homologous body parts on opposite sides of
the body (e.g., attended vs. unattended hand) does not allow for a
detailed analysis of the spatial distribution of tactile attention near the
focus of attention. This is typically achieved by presenting tactile stimuli
at different distances from the attended location (Fimer & Forster,
2003b; Kida et al., 2018).

The present ERP study sought to investigate the spatial characteris-
tics of attentional selectivity in touch. On each trial a tactile stimulus
was delivered to one of four possible body locations (hand or shoulder of
the left or right side of the body). Crucially, in different experimental
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tasks (Fig. 1), a visual cue presented at the beginning of each trial
instructed participants to focus their attention on one task-relevant
location out of four possible ones (Narrow attention task (1) and (2))
or to broaden their attentional focus to include two possible target lo-
cations on the same side of the body (Broad attention task (3)). The aim
of this study was twofold. First, we investigated whether it is possible to
direct all attentional resources exclusively to the body location indicated
by the cue (e.g., the hand or the shoulder) when participants were
explicitly instructed to focus their attention on one single location
(Narrow attention task) or whether part of these resources spills over to
uncued locations. Second, we investigated whether the size of the
attentional focus affects the attentional modulations of somatosensory
processing by comparing the effects of spatial attention observed when
participants were explicitly instructed to focus on one single location
(Narrow attention task) and when they broadened their attentional
focus to include two ipsilateral body locations (Broad attention task).

In line with previous ERP studies of tactile attention (e.g. Desmedt &
Robertson, 1977) we observed reliable attentional modulations of so-
matosensory processing (i.e. differences between ERPs elicited by
stimuli to the hand on the attended or unattended side of the body)
during sensory-specific (P100 and N140) as well as during
post-perceptual processing stages (Nd component) (e.g., Michie, 1984;
Michie et al., 1987). Crucially, however, in the Narrow attention task,
systematic differences were present between the attentional modula-
tions observed when participants focused on one hand (Figs. 1, (1)) and
when they focused on one shoulder (Figs. 1, (2)). Specifically, enhanced
P100 components were observed over contralateral electrodes for
stimuli to the hand on the attended vs. unattended side when tactile
spatial attention was narrowly focused on one hand (Narrow attention,
Focus on the hand, (1)). No such attentional modulations were observed
when the tactile stimuli were presented to the hand on the attended vs.
unattended side and participants focused on one shoulder (Narrow
attention, Focus on the shoulder, (2)). This observation suggests that
tactile spatial attention can be successfully restricted or focused on one
task-relevant body location during the initial stage of tactile selectivity.
Because the neural generator of the P100 somatosensory component has
been identified in contralateral SII (e.g. Fujiwara et al., 2002; Hamada
et al., 2003; Hoechstetter et al., 2000; Kida et al., 2007; Mima et al.,
1998; Thees et al., 2003), our results suggest that the attentional focus in
touch had a narrow spatial tuning during early sensory-specific pro-
cessing stages.

By contrast, attentional modulations of the following N140 compo-
nent elicited by non-target stimuli to the hands were similarly present
when participants focused on one hand and when they focused on one
shoulder in the Narrow attention task. In both these conditions of the
Narrow attention task, (1) and (2), the N140 components elicited by
stimuli presented on the attended side were more negative than those on
the unattended side and no reliable difference emerged between the
attention effects observed in these two conditions. Thus, in the N140
time window, the attentional focus was no longer restricted to the
attended location but broadened (or spilled over) to include adjacent
locations on the attended side of the body. In other words, when par-
ticipants focused on one shoulder, stimuli delivered to the ipsilateral
hand were not excluded from the attentional processing.

Strong effects of spatial attention were also present during post-
perceptual stages of tactile processing. Differences between ERPs eli-
cited by stimuli on the attended and unattended side are characterized
by a sustained negativity (negative difference, Nd), classically assumed
to reflect in-depth processing of the task-relevant stimulus feature (e. g.
Michie, 1984; Michie et al., 1987). Recently, however, the nature of this
late attentional modulation has been called into question. Studies with
neutral cues have shown that the Nd component is driven primarily by a
difference between unattended and neutral trials (attentional cost)
rather than a difference between attended and neutral trials (Forster &
Eimer, 2005; Forster & Gillmeister, 2011). Some researchers have sug-
gested that this late component should instead be interpreted as an
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increased positivity for unattended over attended or neutral stimuli,
possibly reflecting an active suppression of rejected trials (Kida et al.,
2018). Other researchers have interpreted this enhancement of unat-
tended stimuli as evidence for an exogenous re-orienting of attention
from the location indicated by the cue to the location of the unattended
tactile stimulus (Van der Lubbe et al., 2012; Van der Lubbe et al., 2017).
In the present study, Nd attention effects for stimuli to the hands were
observed both when participants focused on the hand and when they
focused on the shoulder starting from about 180-200 ms post-stimulus
onset. However, while the early phase of the Nd (measured between
180 and 280 ms post-stimulus) appeared to have similar amplitudes in
both conditions of the Narrow attention task (Focus on the hand (1) and
Focus on the shoulder (2)), beyond 300 ms larger Nd amplitudes were
present when participants focused on the hand, suggesting that the focus
of attention was narrowed again onto the attended location in this
condition. Thus, the spatial tuning of tactile attention became narrower
in the late phase of the Nd component, following an earlier phase
characterized by a broad spread of attention. Importantly, the presence
of a reliable Nd component when the attention was focused on the
shoulder (but stimuli were presented to the hands) revealed that stimuli
to the hand were not completely excluded from the focus of attention in
this later phase. This decrease in attention effects as the distance be-
tween the focus of attention and the stimulated body location increases
is in line with the idea of an attentional gradient in touch (Eimer &
Forster, 2003b; Kida et al., 2018). It is worth noting that the finding of
reduced Nd components when tactile stimuli were presented further
away from the attentional focus is compatible with both a decreased
rejection of unattended stimuli (c.f. Kida et al., 2018) and a reduced
exogenous re-orienting to unattended stimuli (c.f. Van der Lubbe et al.,
2012; 2017; 2018). However, in the absence of a neutral condition it is
not possible to determine the relative impact of enhancement and sup-
pression of attended and unattended stimuli, respectively, and to
investigate fully the nature of the late Nd component.

Overall, the evidence observed in the present study seems to suggest
that attentional selectivity in touch begins as a highly precise filtering
mechanisms which then becomes broadly distributed across different
locations on the cued side of the body, only to narrow again closer to the
response selection stage. These findings complement and expand the
existing evidence on the spatial distribution of attentional selectivity in
touch within the hand (Eimer & Forster, 2003; Kida et al., 2018). In the
ERP study by Eimer and Forster (2003b), the somatotopic (and external)
distance between the four possible target locations was extremely small
(i.e. two contiguous phalanxes on two adjacent fingers of the right
hand). By contrast, in the present study, the four possible locations were
distributed over two limbs (left and right arm), with a larger distance
between the ipsilateral stimulus locations (hands and shoulders). Our
findings suggest that tactile spatial attention was fully and effectively
focused on the task-relevant body location in the P100 time window
(stimuli on the hand when participants focused on the shoulder were not
modulated by spatial attention). In Eimer and Forster’s study in which
the distance between possible target locations was minimal (single
phalanx of one finger), stimuli on the irrelevant phalanx of the attended
finger were not completely excluded from attentional processing. This
might indicate that during the early stages of sensory processing there is
a minimum size of the basic unit upon which attention can efficiently
operate.

Results of a recent MEG study (Kida et al., 2018) support this
observation. Participants were asked to attend to one finger of their right
hand and the tactile stimulus was presented to one of the fingers of the
same hand. Initial effects of attention were exclusively observed at the
attended location (SIc, 50-70 ms, Kida et al., 2018). However, later ef-
fects of attention observed in SIIc (80-100 ms, Kida et al., 2018) were
not fully restricted to the attended location (i.e. were not completely
selective), but showed a gradient with stronger attentional modulations
for locations closer to the attentional focus. The authors argued that
these different effects of attention (selective vs. gradient) found
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respectively in Slc and Sllc may reflect the different levels of spatial
definition of the body maps present in these cortical areas (Fitzgerald
et al., 2004, 2006a; 2006b; Gomez-Ramirez et al., 2016). Because maps
in SlIc are less detailed than those in Slc, the attentional selection of a
small body location within these maps (e.g. phalanx or finger) will
additionally result in effects of attention over contiguous body locations,
giving rise to an attentional gradient. Our results expand these obser-
vations by showing that even attentional effects observed in the time
range of the P100 component (generated in SII and characterized by less
detailed body maps) can demonstrate selectivity so long as the distance
between relevant body locations is increased. Thus, when the size of the
attentional focus is sufficiently large, attention can be restricted to the
cued location at least initially.

During later processing stages, the efficiency of the attentional filter
did not appear to depend on the size of the cued body area. In Eimer and
Forster’s study (2003b) effects of attention in the Nd time range, were
observed not only for stimuli at the task-relevant location (phalanx) but
also for stimuli presented to the contiguous but task-irrelevant phalanx
on the attended finger. Crucially, these attention effects decreased as the
distance between the attentional focus and the tactile stimulus
increased, suggesting the existence of an attentional gradient in touch
(Eimer & Forster, 2003b). The fact that a similar pattern of results was
observed in the Narrow condition of the present study suggests that
during later processing stages an attentional gradient is present
regardless of the size of the attentional unit considered.

Our results demonstrate that even when the distance between the
relevant and the irrelevant locations is sufficient for an efficient atten-
tional selection (as observed in the P100 time window), attention ap-
pears to spill-over to the uncued body part in the Nd time window. This
conclusion is in line with the only other study to date that has specif-
ically assessed the effects of attention on non-contiguous body locations
when their distance in external space was manipulated through changes
in body posture (Heed and Roder, 2010). In this ERP study participants
were instructed to attend to the left or right hand or foot, while a tactile
stimulus was presented to one of these four locations. Importantly, the
hands and/or the feet were positioned near each other under crossed
and uncrossed limb conditions (Heed and Roder, 2010). Results revealed
that the effects of attention spread over different limbs when these are
located close together in external space. For example, when the feet
were crossed, attending to the left foot resulted in selective enhance-
ment of ERPs elicited by stimuli to the right hand, because these were
presented within the focus of attention (Heed and Roder, 2010). Because
body posture was not manipulated in our study (the distance between
hands and shoulders was exactly the same according to both somato-
topic and external space), our findings are not informative about the
specific frame of references that was used to encode tactile stimuli and to
guide tactile spatial attention during the task. Nevertheless, it is worth
noting that our findings provide additional evidence for the hypothesis
that the effects of attention are not fully restricted to the attended
location.

Although the ERP methodology allows one to track the operations of
spatial attention with an extremely high temporal resolution, the present
study only represents a coarse measure of the spatial distribution of the
tactile attentional gradient. The number of possible stimulus locations in
the present and previous ERP studies was constrained by the large
number of trials needed to reach a sufficient signal-to-noise ratio.
However, the investigation of the exact shape and spatial distribution of
the attentional gradient requires the systematic manipulation of the
distance between the stimulus location and the focus of attention, hence
the inclusion of several possible stimulus locations. The idea of an
attentional gradient that decreases as the distance between the focus of
attention and the stimulus increases was initially suggested in visuo-
spatial attention studies (e.g. Downing & Pinker, 1985; La Berge,
1983; Mangun & Hillyard, 1988; Shulman et al., 1985). For example,
ERPs elicited by visual stimuli presented at varying distances from an
attended locus were characterized by progressively smaller amplitudes
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(e.g. Mangun & Hillyard, 1988; Eimer, 2000). In addition to the spread
of spatial attention beyond the attentional focus, some studies have also
reported the presence of localized areas of suppression surrounding the
focus of visuo-spatial attention where enhanced processing was
observed (e.g. Steinman et al., 1995; Cutzu & Tsotsos, 2003; Mounts,
2000; Miiller et al., 2005). Whether similar effects of spread of attention
and surround inhibition also exist in touch remains an open question.
Importantly, existing evidence in touch has shown that tactile attention
is mediated both by the facilitation of sensory processing at attended
body locations, and by the suppression of somatosensory stimuli at un-
attended locations (Forster & Eimer, 2005; Forster & Gillmeister, 2011).
Thus, the direct investigation of the spatial distribution of these facili-
tatory and inhibitory effects on tactile processing appears particularly
relevant and timely.

In summary, results of the present study demonstrated that the
attentional focus in touch is a flexible mechanism which can change size
and adjust its spatial tuning over time. When participants had to select
one out of four possible locations (Narrow attention task), the earliest
effects of tactile attention on somatosensory processing (P100 time-
range) were exclusively present at the cued body location (the hand).
This initial narrow spatial tuning of attention was followed by a broader
focus (in the N140 and early Nd time-windows) with attentional re-
sources similarly distributed between the hand and the shoulder on the
attended side. Finally, in the late phase of somatosensory processing
(late Nd time-window), stronger effects of spatial attention at the hand
were present when participants focused on the hand, although smaller
effects were also observed when participants focused on the shoulder.
Thus, attentional selectivity in touch began as a highly precise filtering
mechanism which then became broadly distributed, only to narrow
again closer to the final processing stages.

The second aim of the present study was to investigate whether the
attentional resources available to process tactile stimuli depended on the
size of the attentional focus. Evidence from visual attention suggests that
the focus of spatial attention can be voluntarily expanded and con-
tracted to cover small or large areas of the visual field, to include a single
or multiple potential task-relevant locations (e.g. Eriksen and St James,
1986; Castiello & Umilta, 1990). Recent evidence has further suggested
a causal role of the right frontal eye field (FEF) in the control of atten-
tional zooming processes (Ronconi et al., 2014). Importantly, the effi-
ciency of visual processing increases as the focus of attention narrows (e.
g. Eriksen and James, 1986; Castiello & Umilta, 1990). To investigate
whether a similar pattern is present for spatial attention to touch, we
compared the ERPs elicited by tactile stimuli presented to the hand on
the attended and unattended side following cues indicating one or two
task-relevant body parts (Narrow attention condition, Focus on the hand
(1) vs. Broad attention condition (3), respectively). Results revealed that
effects of attention were delayed in the Broad as compared to the Narrow
attention task, as suggested by the fact that reliable attentional modu-
lations were already present in the P100 time range over contralateral
electrodes in the Narrow attention task but only emerged in the later
N140 time window in the Broad attention task. In addition, effects of
attention were stronger in the Narrow than in the Broad task during the
late Nd time window. The reduced attentional modulation of tactile
processing observed in the Broad compared to the Narrow attention task
may suggest that fewer attentional resources were available at each cued
location when attention had to be directed simultaneously to two as
opposed to one task-relevant location. In other words, when the size of
the attentional focus was larger (monitoring two possible target loca-
tions — Broad attention condition (3) compared to one, Narrow attention
(1)) effects of attention were less pronounced.

However, it is worth noting that while monitoring two possible
target locations on the same limb (Broad attention task) resulted in
reduced effects of spatial attention at post-perceptual processing stages
(late Nd time window), behavioural results did not show relevant dif-
ferences between the speed or accuracy of vocal responses to targets
presented to the attended hand in the Narrow and Broad attention tasks.
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We were unable to compare vocal responses for unattended targets (and
the overall behavioural effects of attention) between tasks because no
overt response was required for these targets in the present task (c.f.
Hillyard et al., 1973). Given that effects of spatial attention on perfor-
mance are driven both by benefits (advantage of attended compared to
neutral trials) and costs (disadvantage of unattended compared to
neutral trials) (c.f. Forster & Eimer, 2005; Forster & Gillmeister, 2011)
and that the costs can be stronger than the benefits (Forster & Eimer,
2005), it is possible that we simply did not capture the difference be-
tween Narrow and Broad attention tasks because there were no re-
sponses for unattended targets. In line with this possibility, Kida et al.
(2018) also found no behavioural differences between tasks when they
asked participants to attend to one single location (equivalent to our
Narrow attention task) or to two locations (comparable to our Broad
attention task) and to count targets presented at attended locations
throughout a block of trials. Thus, future behavioural studies using a
different paradigm better suited to measure overt motor responses
should directly address the question of whether behavioural perfor-
mance improves as the size of the attentional focus in touch decreases.

In conclusion, the comparison between attention tasks in which
attention could be fully focused on one single location (Narrow attention
task) or was distributed between two contiguous locations (Broad
attention task) revealed that the focus of attention could be expanded
and contracted in a flexible manner to cover larger or smaller areas of
the body. Specifically, the attentional modulations in the Broad atten-
tion task were delayed and reduced compared to the Narrow attention
task, suggesting that reduced attentional resources were available when
attention was directed simultaneously to two body locations compared
to just one.

Data availability
Data will be made available on request.
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