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ARTICLE INFO ABSTRACT

Keywords: Attention allows us to select relevant information by modulating neural activity within sensory brain areas
Body perception processing that information. Previous research has shown that visual perception of body stimuli recruits visual
Attention

cortices together with observer's body representation in somatosensory cortex, which is known for processing
body-related information (e.g., haptics, kinematics). However, whether attentional selection of visual body
Embodiment stimuli involves just visual or additional somatosensory areas remains elusive. Here we elicited visual and so-
Somatosensory cortex matosensory evoked activity during a visual search task, whereby participants searched for target hand images
SEPs defined by either visual (colour) or bodily (posture) features. In line with previous studies, we found electro-
physiological evidence for attentional selection over visual areas (i.e., N2pc) regardless of the feature type.
Importantly, after dissociating somatosensory from visual evoked activity, we show that only attentional selection
of hand posture - but not hand colour - elicits modulation of somatosensory evoked electrocortical activity over
somatosensory cortex. This suggests that attention may not only modulate cortical activity associated with the
input-sensory modality (in this case, visual), but, depending on the type of attended information, it may also
modulate cortical activity associated with another task-relevant sensory modality (in this case, somatosensory).
Overall, our results provide evidence for a flexible attention mechanism that operates according to specific
behavioural goals and the information embedded in the percept.

Sensory recruitment
Visual search

1. Introduction signals has been found across different modalities (e.g., Bichot et al.,

2005; Gamble and Woldorff, 2015; Forster et al., 2016), whereby mod-

Humans live in a highly social world; we are constantly surrounded
by other people and often need to selectively direct attention to their
bodily features (e.g. gestures) to extract relevant information that helps
us guide behaviour. Selective visual attention endows us with a powerful
tool to focus limited visual resources on such behaviorally relevant in-
formation while disregarding the less relevant one. As an example, when
learning a novel action we can easily focus on sequences of bodily ges-
tures without being distracted by other less relevant visual aspects (e.g.,
colour of the agent's clothing). In this vein, previous studies have shown
that when attention is directed to specific task-relevant features amongst
competing distractors, neural responses to these former features are
enhanced whereas responses to distractors are generally suppressed (see
Maunsell and Treue, 2006 for a review). This modulation of bottom-up

ulation of neural activity occurs within the relevant sensory-input mo-
dality such as within visual areas for visual features, auditory for sounds
and somatosensory for tactile information.

While vision is generally the dominant sense through which we
perceive others and their bodies, it is now well established that
perceiving others' bodies recruits one's own body representation in
sensorimotor and somatosensory cortices, beyond visual-only regions
(Calvo-Merino et al., 2006; Galvez-Pol, Calvo-Merino, Capilla and For-
ster, 2018a; Galvez-Pol, Forster and Calvo-Merino, 2018b). Despite many
empirical studies showing how modulatory effects of attention on sen-
sory brain regions arise through the operations in fronto-parietal brain
network that compromises the intraparietal sulcus and frontal eye fields
(Yantis and Serences, 2003; Woldorff et al., 2004; Corbetta and Shulman,
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2002), a detailed understanding of how attentional effects are allocated
across sensory cortex remains largely unclear. In particular, we do not yet
know whether attentional modulation is dependent only upon the
sensory-input modality, or rather the nature of the perceived informa-
tion. In case of visually perceived bodily stimuli, it is unknown if atten-
tion influences cortical activity merely within visual regions that process
the visual percept or other sensory (i.e. none visual) regions that are
known for representing overall bodily properties (i.e., somatosensory
cortex, SCx). Elucidating this matter may provide further understanding
of the rapid processing involved when perceiving others' bodies
(Downing et al., 2004; Stein et al., 2012).

Visual search paradigms have been widely used to investigate the
mechanisms of feature-based attentional selection (see Eimer, 2014 for
review). In a typical visual search task, participants are required to detect
a target item with a known feature but unknown location amidst dis-
tractor items that differ on that feature (Luck and Hillyard, 1990, 1994a,
b; Eimer, 1996; Woodman and Luck, 1999, 2003; Kiss et al., 2008;
Woodman et al., 2009; Hilimire et al., 2011). Event-related potential
(ERP) techniques have proved to be particularly helpful in revealing how
neural processes underlying attention mechanisms during visual search
unfold in real time (Luck et al., 2000). Studies employing ERP techniques
have demonstrated that attentional selection of a visual target amongst
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distractors is characterized by a modulation of the N2pc (N2-posteri-
or-contralateral) ERP component around 200 ms after the onset of visual
array (Eimer, 1996; Luck and Hillyard, 1990, 1994a,b; Luck and Kap-
penman, 2011). The N2pc is an enhanced negativity over posterior
electrode sites in the hemisphere contralateral to the visual field con-
taining the target (e.g., Eimer, 1996; Luck and Hillyard, 1994a,b) and it
has been shown to reflect the enhancement of target processing under
conditions of competition from surrounding distractors (e.g., Luck and
Hillyard, 1994a,b; Eimer, 1996; Mazza et al., 2009; Hickey et al., 2009).
Analogous lateralized components that mark attentional selection in
other modalities have also been reported. For instance, studies employ-
ing tactile stimuli (Forster et al., 2016; Ambron et al., 2018) have
distinguished an analogous electrophysiological marker of tactile search,
the N140 cc (N140-central-contralateral), that indicates enhanced pro-
cessing of task-relevant touch locations within the somatosensory cortex.
These findings show that attentional selection can be tracked by modality
specific lateralized components over the relevant sensory cortices.
Given that attentional selection of task-relevant features influences
electrocortical activation over relevant sensory areas and that perceiving
and memorizing body-related images recruits body-related cortices
beyond visual regions (Galvez-Pol et al., 2018a, 2018b) we sought to
investigate the effects of attention during visual search for body-related
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Fig. 1. Example trial, example of visual stimuli, schematic illustration of subtractive methodology using SEPs and VEPs, and behavioural data. (A) Illustration of
experimental procedure for target-present trials. Participants performed visual tasks searching for a target hand defined by either colour or posture. The target feature
was indicated at the beginning of each block. Half of the trials included task-irrelevant tactile stimulation delivered to both index fingertips (yellow triangles) at the
onset of the visual search array. The dots highlighted in yellow on the mannequin's head indicate the electrode sites included in the analyses of SEPs whereas the dots
highlighted in pink indicate the sites analysed for VEPs. (B) Visual Stimuli. Hand images depict two postures (A & B) that varied in colour (Green & Blue). (C) Schema
of the subtraction methodology employed to isolate SCx activity from visual carry-over effects (Sel et al., 2014; Galvez-Pol et al., 2018a). The visual-tactile condition
(50% of trials) comprised VEPs elicited at the onset of the visual array and simultaneously elicited somatosensory evoked potentials (SEPs) by task-irrelevant tactile
stimulation to the hands (left section). The visual-only condition (50% of trials) consisted of only VEPs (right section) elicited at the onset of the visual array. The
subtraction illustrated at the bottom [visual-tactile condition]-[visual-only condition] allows dissociating SCx activity from the concurrent visual carry over effects. (D)
Behavioural results for each task (colour task in dark grey and posture task in light grey). Left graph shows mean accuracy of correctly identified target presence; right
graph shows average response times (in ms) to identify whether a hand with a target feature was present. Grey dots are single participants' mean accuracy/response
time and violin plots represent the distribution density of these mean responses. Black dots are group mean responses with error bars representing SEM.
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features such as body postures. To this aim, we adapted a classical visual
search paradigm by asking participants to search for a target hand image
that was specified at the beginning of each experimental block among
other images of hands. The hands could differ in either colour or posture
(Fig. 1b). In half of the blocks, participants were instructed to search for a
target hand that depicted a specific posture and ignore the colour (posture
task). In the other half, the same hand images were presented but par-
ticipants based their search only on the colour (colour task). This
approach allowed us to use the exact same visual stimuli while manip-
ulating the level of body-relatedness each task conveyed. Throughout the
experiment, visual and somatosensory evoked potentials (VEPs, SEPs)
were recorded to reveal whether body-relatedness would lead to differ-
ential modulation of electrocortical activity. Specifically, we examined
whether attentional selection of a visual, bodily feature (i.e., posture)
compared to a visual, non-bodily feature (i.e., colour) would only
modulate activity within visual regions (as previously described for se-
lection of visual features such as colour) or whether other sensory regions
that participate in the representation of body-related information in the
brain (i.e., somatosensory cortex, SCx) would also be recruited.

Similar to previous studies of visual search (e.g., Eimer, 1996; Luck
and Hillyard, 1990, 1994a,b), we recorded trials containing VEPs elicited
by the visual onset of the visual search array (visual-only trials), which
allowed us to examine the modulation of activity in occipito-parietal
visual regions during attentional selection of target hand images. We
expected to find a similar electrophysiological marker of attentional se-
lection (i.e. N2pc component) regardless of whether participants were
searching for a purely visual, non-bodily feature (i.e., colour) or a bodily
feature (i.e. posture), as both cases would lead to modulation of cortical
activity in visual regions. Importantly, we also probed the state of SCx by
using task-irrelevant tactile taps that were delivered to the participants’
fingers in synchrony with the onset of visual search array. The resulting
activity contained combined brain activity due to visual and somato-
sensory evoked potentials (visual-tactile trials). Next, by subtracting brain
activity of the visual-only trials from the compound activity of the
visual-tactile trials (Sel et al., 2014; Galvez-Pol et al., 2018a), we
examined visually-driven SCx processing, over and above visual
carry-over effects. We predicted that once isolated from carry-over vis-
ually-elicited activity, somatosensory evoked potentials (SEPs) would
exhibit a comparable electrophysiological marker of attentional selection
as has been reported for tactile search (Forster et al., 2016; Ambron et al.,
2018). Furthermore, we expected this attentional modulation only when
participants were attending to body-related information (posture task)
and at centro-parietal electrode sites where attentional modulations of
somatosensory ERPs are generally observed (Forster and Eimer, 2005;
Jones and Forster, 2014; Forster et al., 2016). Ultimately, this paradigm
allows identifying a neural marker of attentional selection of
body-related information that modulates activity beyond visual sensory
cortices. In the following, we provide novel evidence that mechanisms of
attentional selection of body-related information might not exclusively
act upon the original sensory modality but rather on the relevant areas
that are specialised for processing bodily stimuli.

2. Materials and methods
2.1. Participants

Twenty-nine volunteers, naive to the objective of the experiment
participated for payment. The data of seven participants were excluded
due to excess muscle and alpha wave activity leading to low trial
numbers after ERP artefact rejection (less than 60% of the total number
of trials in any condition) an additional three participants were excluded
due to excessive eye-movements (see below for criteria). The remaining
20 participants (11 women) were all right-handed, aged 18-42 years
(mean age = 24.9), reported normal or corrected-to-normal visual acuity
and no colour blindness. All participants gave informed consent, with
approval by the City, University of London Psychology Department
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Research Ethics Committee.
2.2. Visual and tactile stimuli

For the visual search task, two hand images depicting two different
hand postures (body-related features) that did not convey any meaning
or symbolism were used (subset of images from Galvez-Pol et al., 2018a;
Galvez-Pol et al., 2018b). Each posture was coloured in two distinct
colours (non-body-related features), yielding four hand stimuli shown in
Fig. 1b. The hand colour was achieved by adjusting the colour levels of
the originally grey hand images (RGB: 100 160 130 and 100 160 100).
All hand images were of equal size (66 x 76 pixels).

On half of the trials, in addition to the visual search array, participants
received a brief task-irrelevant tactile stimulation concurrently to the
index fingers of both hands in order to elicit somatosensory evoked ac-
tivity. Tactile stimulation was a brief single tactile tap applied at the
onset of visual search array using two 12 V solenoids (5 mm in diameter).
When a current passed through the solenoids, an attached metal rod with
a blunt conical tip contacted with participants’ skin. Both solenoids were
attached with microporous tape to the tip of the index fingers, one for
each hand.

2.3. Experimental design and procedure

Participants were seated in an electromagnetically shielded, sound
attenuated dimly lit room, viewing a 60 Hz computer monitor at a
viewing distance of 80 cm. Participants performed two visual search
tasks similar to that of Luck and Hillyard (1994a,b). In both tasks par-
ticipants were presented with identical arrays of four hand images and
they had to discriminate whether a predefined target hand was present.
The target was presented on half of the trials in order to keep the prob-
abilities of target-present vs. target-absent trials equal and ensure that
participants had to engage in visual search. At the beginning of each task,
participants were presented with an image of the target hand. In the
posture task, participants were instructed to search for the hand that had
the same posture as the target hand and ignore the colour, whereas in the
colour task, they were asked to search for the hand that was of same
colour as the target and ignore the posture. All participants performed
both tasks, with the order of tasks being counterbalanced across partic-
ipants (either the hand task first and the colour task second, or vice
versa). They were instructed to say ‘yes’ if the hand with the target
feature was present among the other four hand images and ‘no’ when it
was absent. Each task consisted of two separate blocks with each of the
two postures and two colours serving as the target in one of the blocks.

On each trial, participants were presented with a bilateral visual
search array depicting two hands located in each hemifield (Fig. 1a). A
central fixation cross was present throughout the trials in the center of
the visual array which participants were instructed to fixate on. The array
could either consist of four identical hand images (no-target trials; 50% of
trials) or contain one hand in different posture and another hand in
different colour (target trials; 50% of trials). Participants were required to
verbally report whether or not the hand arrangement contained the
target item. The onset of their response was registered by a voice key,
while their response choice (‘yes’/’no’) was keyed in by the experimenter
in the adjacent room. Once their response was keyed in, the next trial
started.

Visual stimuli were displayed using E-Prime2 Software (Psychology
Software Tools, Pittsburgh, PA). All stimuli were presented within two
rectangular regions of 4.5° x 8.5° of visual angle that were centred 4.5° to
the left and right of a central fixation cross on a light grey background.
Each visual search array consisted of two hands (1.6° x 1.7°) in each
hemifield. Position of all stimuli was fixed, but the location of the target
(in target-present trials) was randomized on each trial, so that it appeared
equally often in each of the four hand locations.

On half of all trials only VEPs were elicited in response to the onset of
the visual search array at the start of each trial (i.e. visual-only trials). On
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the other half of the trials VEPs and SEP's were elicited simultaneously by
applying task-irrelevant single tactile probes concurrently to the partic-
ipants' index fingers of both hands (i.e. visual-tactile trials). Tactile stim-
ulation was applied at the onset of visual search array using two 12V
solenoids driving a metal rod with a blunt conical tip that contacted with
participants' skin when a current passed through the solenoids. Both
solenoids were attached with microporous tape to the tip of the index
fingers, one for each hand. To mask the sounds made by the tactile
stimulators, white noise (65 dB, measured from participants' head) was
presented through a loudspeaker centrally positioned 90 cm in front of
the participants. Participants were instructed to ignore the tactile stim-
ulations and the white noise.

2.4. ERP subtraction

Our main research goal was to examine how attentional selection of
visually perceived body related vs. non-body-related features modulates
activity of electrodes over SCx. However, measuring ERPs from elec-
trodes positioned over somatosensory areas is problematic, as the activity
elicited by the visual-evoked potentials (VEPs) at the onset of the body
stimuli spreads over the whole cortex masking other brain processes
(Ahlfors et al., 2010; Irimia et al., 2012; Luck, 2014); potentially masking
the somatosensory processing of body postures. Consequently, while
VEPs over occipital electrode sites reveal neural processes that are
associated with visual processing, they do not allow direct inspection of
the response in SCx. In order to uncover the involvement of SCx in
attentional selection of body- and non-body-related features, it was
necessary to dissociate visually driven somatosensory activity from
carry-over visual responses. To do so, we applied mechanical stimulation
in the form of tactile probes (visual-tactile trials). These stimulations eli-
cited SEPs that allowed us to examine the state of the SCx and its un-
derlying processing during attentional selection of visual stimuli. It is
important to note that tactile stimulation was task-irrelevant and the
elicited SEPs did not provide any information about visual stimuli and
had no cognitive relevance. The sole purpose of SEPs was to isolate so-
matosensory processing over corresponding parietal electrode sites from
superimposing visual activity elicited by the visual onset of the stimuli.
For this purpose, we subtracted brain activity of trials that contained
activity only due to VEPs (visual-only trials) from trials that contained a
combination of visual and somatosensory activity due to the combined
VEPs-SEPs (visual-tactile trials) (Fig. 1c). This method allows examining
somatosensory processing (SEPs) free of visually evoked activity (VEP--
free), that is, visually driven activity in the form of VEP-free SEPs (Gal-
vez-Pol et al., 2018a; Sel et al., 2014).

Overall, participants performed a total of 1024 trials, 512 for each
task (posture and colour task) with a target being present on 256 trials.
This equals 128 trials, in which the target was displayed in the left
hemifield, and 128 trials where it was displayed in the right hemifield.
For each hemifield, half of the trials were visual-only (eliciting only VEPs
as no tactile stimulation) and other half visual-tactile trials (eliciting VEPs
and SEPs as visual with task-irrelevant tactile stimulation).

2.5. EEG recording and data analysis

Event-related potentials were recorded from 64 Ag/AgCL active
electrodes mounted equidistantly on an elastic cap at standard locations
of the international 10-10 system (M10 montage; EasyCap GmBH,
Herrsching, Germany). Electrodes were referenced to the right mastoid
and re-referenced off-line to the average of the left and the right mastoids
(Nunez, 1981). To track horizontal eye movements, the horizontal
electrooculogram (HEOG) was recorded by placing two electrodes about
1 cm lateral to the external canthi of each eye. Continuous EEG was
recorded using a BrainAmp amplifier (BrainProducts; amplifier bandpass
0.06-100Hz) and a 500 Hz sampling rate. Off-line, EEG analysis was
performed using Vision Analyzer software (Brain Products GmbH,
Gilching, Germany). The data was digitally low-pass-filtered at 30 Hz
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(Butterworth zero phase filters). The EEG signal was epoched into seg-
ments lasting from 100 ms before to 500 ms after the onset of sample
arrays of each trial. Segments were then baseline corrected to the first
100 ms. Trials with incorrect behavioural responses or ocular (HEOG
exceeding + 60 mV) or myogenic (voltage exceeding +100mV at any
electrode relative to baseline) artifacts were excluded from the analysis.
The electric signal of two participants was spline interpolated (order 4,
degree 10 at one electrode midway between C1/CP1 and T8 for one
participant, and electrode P8 for another). Because we investigated lat-
eralized ERP components, it was important that participants kept their
gaze on the fixation at the centre of the visual search array and did not
have significant eye movements. For that reason, we computed the
average HEOG amplitudes for left and right targets separately and
rejected three participants, whose HEOG left-right difference from O to
350 ms was larger than 3 mV (Luck, 2014). On average, for each condi-
tion 5% of trials were removed due to incorrect responses and 33% of the
data was removed because of the artefacts (see Supplementary Table 1
for the total number of accepted trials included in the analyses after the
artefact rejection). Grand averages were computed separately for the
tasks (posture and colour) and for visual-only and visual-tactile trials by
averaging brain waveforms elicited at electrodes over the hemispheres
contralateral and ipsilateral to the visual field side in which target hand
image were presented. ERPs elicited on non-target trials were not further
analysed, as no lateralized targets were present.

For visual-only trials grand averages were computed from the onset of
the visual display. To confirm visual attentional selection mechanisms,
N2pc activity was measured as the amplitude difference between
occipital-parietal electrode sites contralateral and ipsilateral to the
hemifield of the target in the 200-300 ms time window following the
onset of the visual search array (Luck and Hillyard, 1994a, 1994b; Eimer,
1996; Luck and Kappenman, 2011; Woodman et al., 2009; Drew and
Vogel, 2008). We expected comparable N2pc components for both tasks;
hence, to ensure that this component is present in both tasks separate
statistical analyses were conducted. For these mean amplitudes were
computed from visual-only trials at occipital electrode site 01/02 (cor-
responding to electrodes 44/42 of the M10 equidistant placement used in
this study) and midway between P7/P8 and PO7/PO8 (electrodes 45/41)
ipsi- and contralateral to the target side. Repeated-measures ANOVAs
were conducted with factors Hemisphere (electrodes contralateral vs.
ipsilateral to the target side), and Electrode site (01/02 vs.
P7-PO7/P8-P0O8). A main effect of hemisphere would confirm reliable
hemispheric difference, that is, the presence of the N2pc.

For visual-tactile trials grand averages were also computed from the
onset of the visual display and concurrent task-irrelevant tactile stimu-
lation separately for each task. To investigate attentional modulation
over SCx, somatosensory processing was dissociated from the visual carry
over activity elicited by the onset of visual display. Mean voltage am-
plitudes of grand averaged VEPs on visual-only trials were subtracted
from the mean amplitudes of grand averaged ERPs on visual-tactile trials
that contained both somatosensory and visual-evoked activity (Galvez--
Pol et al., 2018a; Sel et al., 2014). The underlying activity of SCx when
attending visually perceived targets was analysed over central and pa-
rietal electrode sites at C3/4, C5/6, CP3/4, midway between CP5/CP6
and P5/P6 of the 10/20 system (corresponding to electrodes 17/11,
31/24, 16/12, 30/25 of the M10 montage used in this study). These
electrodes were chosen because their laterality over central and posterior
sites where early somatosensory ERP components (P45, N80, P100,
N140) are largest and tactile attentional modulations are commonly re-
ported (e.g., Forster and Eimer, 2005; Jones and Forster, 2014; Forster
et al., 2016). Importantly, while the VEPs elicited on visual-only trials
were used to examine the brain activity of visual areas, the VEP-free SEPs
were used to investigate brain activity in somatosensory cortices inde-
pendent of carry-over visual effects. Lateralized effects of attention were
computed as the difference between homologous central and parietal
electrode sites, contralateral and ipsilateral to the hemifield of the target
in the same time window as the N2pc component (200-300 ms after
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stimuli onset). Repeated measures ANOVA was conducted on VEP-free
SEP mean amplitude values with factors Task (posture vs. colour),
Hemisphere (electrodes contralateral vs. ipsilateral to the target side),
ROI (parietal electrode pair vs. central electrode pair), and Electrode site
(C3/4 vs C5/6 vs CP3/4 vs CP5-P5/CP6-P6). A significant Hemisphere
main effect would suggest a reliable lateralized effect over somatosen-
sory areas. A significant Task by Hemisphere interaction would indicate
that this lateralized effect is modulated depending on the level of body
relatedness the task conveyed. Specifically, we expected lateralized
attention effect to be present when participants were instructed to attend
to hand postures but not when they were attending to the colour of the
same hands. This result would suggest that visually perceived
body-related information such as hand postures exhibit a functionally
distinct attention effect that involves somatosensory processing.

2.6. ERP signal-to-noise ratio

The nature of the ERP subtraction methodology used here raises a
possibility that differences in the signal-to-noise ratio between visual-
tactile and visual-only trial types could bias the results. To rule out this
possibility, we examined the number of accepted trials in visual-only and
visual-tactile stimulation conditions separately for posture and colour
task. Paired t-tests showed no significant difference in the number of
accepted trials between visual-tactile and visual-only trial types neither
in colour (t;9=1.16, p=.66, d=0.10) nor in posture task (t;9 =0.43,
p=.26, d=0.26). These analyses confirm that the signal-to-noise ratio
was not different between stimulation conditions and this could not bias
the results in later subtraction (i.e., visual-tactile minus visual-only) in
either task.

3. Results

In the following we first report participants’ behavioural performance
measures in the colour and posture search tasks. Subsequently we report
ERP analyses which first states analysis of visual-only trials to confirm the
presence of the marker of visual attentional selection, the N2pc, in both
tasks. This is followed by analyses of VEP-free SEPs to investigate the
involvement of SCx in attentional selection mechanisms in either task.
Both ERP analyses sections are supplemented with further analysis to
explore any additional attention effects beyond the time range of the
N2pc component.

3.1. Behavioural performance

Accuracy and response speed for correct detection of target items is
shown in Fig. 1D. Separate analyses were conducted for accuracy and
response times (RTs) with repeated measures ANOVAs with factors Task
(colour versus posture) and Trial type (visual-tactile versus visual-only).
Responses outliers (>2000 ms or < 200 ms) were excluded from analysis
(less than 1% of all trials). Statistical analyses of response accuracy
showed no main effect of Task (F;, 19=0.13,p=.72, qﬁ =0.007) or Trial
type (F1, 10=3.42,p=.08, r]ﬁ = 0.15), or their interaction (F;, 19 =0.01,
p=.93, ;112, < 0.001). Importantly, these results confirm that overall task
difficulty matched across tasks (colour: 96% correct, SD=3% and
posture: 95% correct, SD =2%). Statistical analysis of RTs yielded a
significant main effect of Task (F;, 19=8.43, p=.009, ’71% =0.31) with
faster average response times in the colour (M =679 ms, SD =104 ms)
than in the posture (M = 736 ms, SD = 97 ms) task. In addition, there was
a significant main effect of Trial type (Fy, 19 =13.02, p=.002, 1112, =0.41)
indicating that participants were on average faster when receiving tactile
stimulation (M =703 ms, SD=92ms) than when responding without
tactile stimulation (M =712 ms, SD = 90 ms). Importantly, there was no
significant interaction between Task and Trial type (F;, 19 =1.17,p = .29,
115 =0.06), indicating that any effect of tactile stimulation in visual-
tactile trials was consistent across the tasks and thus did not influence
visual search performance.
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3.2. Analyses of visual-only trials: attentional selection (i.e. N2pc) on
visual-evoked potentials

We expected the presence of the N2pc over occipital electrode sites in
both tasks in the 200-300 ms time window after the onset of visual
search array (Luck and Hillyard, 1994a,b; Woodman et al., 2009; Drew
and Vogel, 2008; Eimer, 1996). The magnitude of N2pc is quantified by
contrasting mean amplitudes over the hemisphere contralateral and
ipsilateral to the hemifield containing the target stimulus. Indeed, a lat-
eralized attention effect with more negative ERP amplitudes elicited over
the hemisphere contralateral compared to ipsilateral to the target loca-
tion is present from around 200 ms until around 300 ms after the onset of
visual search display in both tasks (see Fig. 2). To establish that N2pcs are
reliably present in both tasks mean amplitudes were submitted to
repeated measures ANOVA separately for each task with factors Hemi-
sphere (contralateral versus ipsilateral to target side) and Electrode site
(P7-PO7/P8-PO8 vs 01/02)."

Significant main effects of Hemisphere for both tasks (colour: Fj,
19=16.96, p<.001, ;11% =0.47; posture: F;, 19=52.58, p<.001,
nI2,:0.74) confirm the presence of reliable N2pc components. In the
posture task, there was also a significant interaction between Hemisphere
and Electrode site (F;, 19=5.82, p <.03, ;13:0.23), yet the effect of
Hemisphere reached significance across both electrode sites (all
p <.001). Furthermore, we directly contrasted the hemispheric differ-
ence (amplitude over the hemisphere contralateral minus ipsilateral to
the target hemifield) in each task with a paired-sample t-test confirming
similar magnitude of the N2pc components (t;9=1.30, p=.21,
d = 0.29). Overall, the present results suggest that both tasks exhibited a
reliable N2pc component over visual areas, confirming engagement of
rapid attentional mechanisms for the selection of target hand images
defined by either colour or posture.

3.2.1. Exploratory analyses of visual-only trials: post-N2pc modulation of
visual-evoked potentials

As seen from Fig. 2, visual-evoked activity in the posture task seems to
exhibit a prolonged N2pc component. Therefore, we explored the neural
response in the succeeding time window of 300-400 ms. Brain activity in
the 300-400 ms and later time range has been associated with mainte-
nance of the lateralized target in visual working memory for in-depth
processing (e.g., Vogel and Machizawa, 2004; Kiss et al., 2008). In the
posture task, the effect of Hemisphere in the 300-400 ms window
reached significance (F;, 19 =6.55, p=.02, 1112, =0.26), whereas no such
effect was present in the colour task (F;, 19=0.93, p =.35, ’71% =0.05). In
addition, a paired-sample t-test comparing the lateralized effect between
colour and posture tasks was also significant (t;9=—2.08, p=.05,
d=-0.47) with greater hemispheric difference (M =0.29pV,
SD = 0.5 pV) in the posture compared to the colour task (M = —0.23 pV,
SD =1.05 pV). These results suggest that a continuation of lateralized
attention effects was present only when attending to a specific hand
posture, but not when attending to hand colour.

3.3. Analyses of VEP-free SEPs: effect of attentional selection on
somatosensory areas

To investigate whether directing attention to different features of
hand images leads to additional modulation of somatosensory activity in
the critical 200-300 ms time window we examined SEPs elicited by task-
irrelevant tactile probes concurrently to the visual display. Importantly,
we isolated somatosensory processing from concomitant visual activity
by subtracting the mean amplitude of purely visually evoked activity

1 We also ran the same analysis including the factor Task (colour vs posture)
and, as expected, did not find any main effects nor interactions including Task
(all p >.07) suggesting no significant amplitude differences between the N2pc
in each of the tasks.
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Fig. 2. Grand averaged VEPs and topographic maps on visual-only trials separate for the posture (top) and colour (bottom) task. (A) ERP waveforms show visual-
evoked potentials (VEPs) contralateral and ipsilateral to the target side in response to the onset of the visual stimuli pooled across occipital electrode sites
(midway between P7/P8 and PO7/PO8 and 01/02) for the posture and colour task. (B) Topographic maps show amplitude differences at homologous electrodes over
the hemisphere contra- and ipsilateral to the target side in the 200-300 ms time window.

(VEPs elicited on visual-only trails) from the mean amplitude containing
both visual and tactually probed somatosensory activity (VEPs and SEPs
elicited on visual-tactile trials). This subtraction method allows the
possibility of examining visually driven processing of information in
cortices other than visual areas, specifically over SCx (Galvez-Pol et al.,
2018a; Sel et al., 2014). If attentional selection of visually depicted
body-related information recruits also somatosensory processing, then
tactually probed SCx response should be differentially affected depend-
ing on whether people were instructed to discriminate body-related
(posture) or non-body related (colour) features of the hand images.

After subtraction of visual-evoked potentials, we first inspected the
lateralized effect over the same occipital electrode sites that reached
significance in the previous analyses of visual-only trials. No significant
lateralized effect was present either in the colour (F;, 19=0.05, p=.82,
113 =0.003) nor posture (Fi, 19=1.09,p =31, nﬁ =0.05) task, indicating
that visual activity was successfully subtracted.

Then we proceeded to examine the isolated somatosensory ERP
waveforms in response to target trials elicited over SCx in the hemi-
spheres contralateral and ipsilateral to (visual) target hemifield. An
enhanced negativity over the hemisphere contralateral to the target side
(starting from 200 ms and lasting until 300 ms) was present only when
participants were searching for targets defined by a specific posture
(Fig. 3). To denote its more centro-parietal location (see topographic
maps in Fig. 3), this component was named N2 centro-parietal contra-
lateral (N2cpc). In contrast, when participants were viewing the same

145

hand stimuli, but searching for a specific colour, purely somatosensory
activity did not seem to exhibit any reliable lateralized attention effects.
To confirm these informal observations, we ran a repeated measures
ANOVA with factors Task (colour vs. posture), Hemisphere (contralateral
vs. ipsilateral), ROIs (central vs. parietal), and Electrode site (C3/4 vs.
C5/6 vs. CP3/4 vs. midway between CP5/CP6 and P5/P6) which showed
a significant interaction between all factors (Fi, 19=4.89, p=.04,
1112, =0.21). To follow-up this interaction separate analyses for each task
were conducted. In the posture task a significant effect of Hemisphere was
present (Fy, 19=6.94, p=.02, ;15 = 0.27) confirming an enhanced nega-
tivity over the contralateral hemisphere. Crucially, such a lateralized
effect was absent in the colour task (Fi, 19=0.22, p=.64, ;73: 0.01).
Although there was a significant interaction between Hemisphere, ROI,
and Electrode in the colour task (F;, 19=6.89, p=.02, 173 =0.27), a
follow-up analysis across ROI's did not reveal any effects of Hemisphere
(F1, 19=0.083, p=.777, ’11% =0.004 for central electrodes, and F,
19=0.32,p=.58, ;15 = 0.02 for parietal electrodes) nor any interactions
with Hemisphere (F;, 19=2.80, p=.11, ;13 =0.13 and F;, 19=2.60,
p=.12, nf, =0.12, for central and parietal electrode pairs respectively).
These analyses confirm that only when searching for hand targets defined
by bodily (posture) but not visual (colour) features, attentional selection
modulates somatosensory activity. Therefore, the topography and neural
signature of attentional selection processes reflect the type of information
embedded in the percept (i.e., somatosensory cortex for the attentional
selection of body-related information).
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Fig. 3. Grand averaged VEP-free SEPs and topographic maps generated by subtracting visual-only trials from visual-tactile trials. (A) ERP waveforms show potentials
elicited at electrodes contralateral and ipsilateral to the target side at parietal and central electrode sites (C3/4, C5/6, CP3/4, and midway between CP5/CP6 and C5/
C6) separate for the posture (top) and colour (bottom) task. (B) Topographies show VEP-free SEPs amplitude differences between homologous electrode sites contra-
minus ipsilateral to the target side in the 200-300 ms time window for each task.

3.3.1. Additional exploratory analyses of VEP-free SEPs: analyses prior to
the N2cpc and link to behaviour

The grand average waveforms of somatosensory-evoked activity
suggest additional earlier lateralized effects that unfold before the time
range classically associated to the N2pc (see Fig. 3). Therefore, we
assessed the VEP-free SEP amplitude differences between contra- and
ipsilateral activity in parietal and central electrode sites for additional
time windows preceding the N2cpc (30-50 ms, 50-100 ms, 100-150 ms,
and 150-200 ms after stimuli onset). For each of these time windows
exploratory, repeated measures ANOVA with the same factors as the
above main analysis was conducted and p-values were Bonferroni cor-
rected for multiple comparisons. In particular, there was neither an effect
of Task (all F, 19<7.10, p > .08, 113 < 0.27) or Hemisphere (all Fy, 19 <
4.81,p > .16, '73 < 0.20) or any other main effects (ROI or Electrode) or
interactions involving Task or Hemisphere which would indicate later-
alized attention effect in either task prior to the N2cpc.

To investigate the relationship between ERP markers of selective
attention and reaction times, we correlated N2cpc amplitudes and reac-
tion times of correctly detected hand posture targets. This analysis did
not reveal a significant correlation (r=0.30, p =.20). Likewise, we did
not find any significant correlation between the visual N2pc and reaction
times to detect colour (r=0.18, p=.46) or posture (r=0.35, p=.13)
targets.
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4. Discussion

The aim of the present study was to examine the modulation of brain
activity within visual and somatosensory areas during attentional search
of visually perceived body images. Participants performed a visual task
while searching for target hand images defined by either visual non-
body-related features (hand colours) or, in separate task, visual body-
related features (hand postures). Importantly, the stimuli were iden-
tical in both of these tasks and the level of body-relatedness was
manipulated with instructions only (attend to the posture or attend to the
colour). Yet, only attentional search of hand postures led to independent,
visually-driven modulation of somatosensory processing. In particular,
searching for target postures induced enhanced contralateral negativity
in pure somatosensory-evoked activity, whereas no such modulation was
present when searching for target colour of the same hand images.
Interestingly, different tasks did not induce any significant differences in
the visual processing; N2pc components were present in visual-evoked
activity for both tasks. These results suggest that in both tasks the
target hands were processed to a high level within visual areas, however
only attentional selection of body-related information modulated activity
within SCx. In other words, our results show a neural signature of
attentional selection of body-related information beyond visual cortices
(namely, the visually driven N2cpc).
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The subtraction of visual-only trials from visual-tactile trials allowed
us to dissociate neural responses evoked in SCx during visual processing,
over and above a potential carry-over of activity from VEPs. The sub-
tractive method on which this work is based has been previously
employed in studies examining multisensory integration (Dell’Acqua,
Jolicoeur, Pesciarelli, Job, & Palomba, 2003; Teder-Salejarvi et al., 2002;
Bernasconi et al., 2018). For example, Bernasconi et al. (2018) employed
a similar subtraction method with auditory and somatosensory evoked
activity during ECOG recordings to identify neural underpinnings of
audio-tactile peripersonal space. However, only recently it has been used
to show visually driven but visually independent SCx activity (Galvez-Pol
et al., 2018a; Sel et al., 2014). Importantly, the method employed here,
and in other related studies (Galvez-Pol et al., 2018a; Sel et al., 2014), is
considerably different from the subtractive method used in multisensory
integration studies. Firstly, multisensory integration is assessed by
computing the difference in cortical activity between brain responses to
the combined condition (e.g., trials where auditory and tactile stimuli is
presented simultaneously) and the sum of the unimodal conditions (e.g.,
audio-visual — (audio-only + tactile-only)). This is substantially different
from the subtraction performed in the present study, where brain
response elicited by solely visual stimuli is subtracted from brain
response elicited by simultaneous presentation of visual and tactile
stimuli (e.g., visual-tactile — visual-only). In the latter case only one
operation is used to isolate somatosensory evoked brain activity from
concurrent visual activation during the attentional selection of target
hand images. Secondly, in the present subtractive method tactile stimu-
lation per se did not provide any information about visual input. Its sole
purpose was to act as impulses to reveal the processing of body-related
information in somatosensory cortices that would have been otherwise
concealed by concurrent visual processing. This approach allowed us to
infer that attentional selection of body images and modulation of so-
matosensory activity were not mere carryover effects of concomitant
activations from visual cortices.

The main finding of this study is that attention mechanisms employed
during visual search of body-related information operate by modulating
sensory activity within somatosensory areas. These areas are specialised
in processing bodily information. This effect was not found when par-
ticipants searched for a visual feature (colour) embedded in the images of
hands. These findings can be explained in terms of the conceptual dif-
ference between processing body-related versus non-body-related visual
information (i.e., body-relatedness). Specifically, body-related informa-
tion, such as visually perceived postures, conveys both the information
about their visual properties as well as information relevant to the body
itself (Azanon and Haggard, 2009). In contrast, purely visual informa-
tion, such as colour, does not generally reflect body-related information
to the same extent. This process seems to be reflected in the fact that
bodily percepts are mapped onto one's own internal body representation
(Keysers et al., 2010; Niedenthal, 2007). Numerous neuroimaging and
TMS studies have suggested that SCx retains a mental representation of
one's own body and also participates during perception of body stimuli
(Urgesi et al., 2007; Keysers and Gazzola, 2009; Tsakiris, 2010; Bolognini
et al., 2011; Martuzzi, van der Zwaag, Farthouat, Gruetter and Blanke,
2014). Interestingly, the results of a recent electrophysiological study
(Galvez-Pol et al., 2018a) that employed a similar subtractive method-
ology to the one used in the present study, showed the envolvement of
somatosensory regions during active maintenance of visually perceived
body-related information in working memory, highlighting the impor-
tance of our own internal body representation when perceiving others'
bodies (Galvez-Pol et al., 2018b; Calvo-Merino et al., 2006; Urgesi et al.,
2007; Sel et al., 2014). Crucially, our present study shows that attentional
selection also modulates SCx when searching for visually perceived
body-related information.

The finding that attention modulates activity in sensory areas other
than visual is not new. Previous research has shown that attention in-
fluences activity in SCxs when searching for tactile targets (Forster et al.,
2016; Ambron et al., 2018) as well as auditory cortices when searching
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for auditory targets (Gamble and Luck, 2011; Gamble & Woldorff, 2014,
2015). Despite the fact that these studies showed modulation in
modality-specific cortices, it has remained unclear if the effects of
attentional selection are defined solely by sensory-input modality or also
by the specific content of the target information. The present study
suggests that attention may not merely modulate activity within
modality-specific areas, but also in task-relevant ones, by showing visu-
ally driven but independent somatosensory modulation for bodily in-
formation. In other words, attentional selection acts on the relevant
sensory areas usually processing the content of the target percept, inde-
pendent of the sensory channel that triggered the representation of that
content. As a consequence, when observers’ goal is to extract
body-related information (i.e., posture) as opposed to non-body-related
information (i.e., colour), even if the visual percept itself is the same in
both cases, attention acts on the sensory areas (i.e., SCx) that represent
body-related information.

Whether attentional modulation of independent somatosensory ac-
tivity facilitates attentional selection of body-related information re-
mains unclear. In the present study, we did not find significant linear
correlations between reaction times to detect bodily-defined targets and
the extent of modulation over SCx (see exploratory analyses). In order to
examine the functional significance of the N2cpc for attentional selection
of bodily features, further studies could either investigate effects of fa-
miliarity with the body-related content on N2cpc amplitudes or directly
modulate somatosensory processing (e.g. using TMS) to induce causal
changes in behaviour (that is, searching for targets defined by body-
related features). The present study suggests that attentional selection
is a dynamic process moderated by the nature of the information
embedded in the visual percept. This is reflected in the modulation of
somatosensory activity, which underpins the processing of bodily infor-
mation (e.g., interacting with others’ bodies and using my own body)
that can be found in the visual percept.

Interestingly, we observe a prolonged N2pc component when par-
ticipants were searching for the target hand posture but not when they
were searching for the target colour. Here we ponder two potential ex-
planations for this observation. Firstly, a prolonged N2pc might be
related to more variable response times to detect posture-defined targets
versus colour-defined targets. If reaction times were highly variable, the
onset of the N2pc component presumably varied widely from trial to
trial, yielding a broad component when the data is averaged together
(Wolber and Wascher, 2003; Luck and Kappenman, 2011). In other
words, the N2pc will appear to have a long duration when trials with
different N2pc onset times are averaged together. Despite slower reaction
times in the posture task, the variability across participants was not
higher for posture compared to colour task (SD=97ms versus
SD = 104 ms, respectively). Secondly, the prolonged N2pc in posture task
might reflect the sustained posterior contralateral negativity (SPCN),
which has been linked to maintenance of an attended item in working
memory (e.g., Vogel and Machizawa, 2004; Jolicgeur et al., 2006a;
2006b; McCollough et al., 2007; Kiss et al., 2008), as well as task diffi-
culty with no direct memory component (SPCN amplitude is increased
depending on the difficulty of the discrimination) (Mazza et al., 2007;
Prime and Jolicoeur, 2010). However, in our study task demands were
matched as supported by overall similarly high accuracy levels.
Furthermore, a recent study (Sessa et al., 2018) has showed modulation
of the SPCN when memorizing emotional faces and that this modulation
depended on the observers own facial expression. Therefore, a more
likely explanation for the prolonged N2pc in the posture task may be
memory processes associated with body-related stimuli. Thus the pro-
longed N2pc in the posture task does not necessarily imply increased task
difficulty but may rather reflect neuronal operations linked to
body-related working memory that are distinct in the two tasks.

In the colour task participants were required to indicate the presence
of a certain colour tint of one of the hand images in the search display.
One could employ visual cues such as skin colour or gender as ‘purely
visual’ equivalent to our posture task. However, such cues are also
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strongly related to one's body and could potentially recruit one's own
body representation in somatosensory cortices similarly to hand pos-
tures. For that reason, the present study employed visual features that
were completely dissociable from the body (i.e., blue/greenish colours)
to clearly distinguish between visual and bodily features. We found that
reaction times to detect colour defined targets were shorter than those to
detect posture defined targets. Previous studies have shown that colour is
a specifically salient pop-out that often grabs attention more rapidly than
other features such as shape (e.g. Luck and Hillyard, 1994a,b). Similar to
our findings Luck and Hillyard (1994a,b) reported faster reaction times
in a colour search task and no task differences in N2pc amplitudes but in
N2pc latencies. Further, Clark et al. (2015) specifically trained partici-
pants in a visual search task and found decreased reaction times as well as
greater N2pc amplitudes. Therefore, future studies may elucidate the link
between response times and N2pc amplitudes and latencies. Important to
our study, N2pc amplitudes over visual areas were not significantly
different across tasks, despite decreased reaction times to detect colour
targets suggesting the presence of a common, visual attention mecha-
nisms in both task.

5. Conclusion

In line with previous studies of visual search, we show that the N2pc,
a neural marker for attentional selection, is elicited when searching for
hand images differing in colour or posture. Furthermore, the method
employed here allowed us to tactually probe the state of the SCx and its
changes in activity during visual search of hand images. The results
showed that only when attention is directed to bodily (postures), but not
purely visual (colour) features of the same hand images, somatosensory
activity is modulated. Specifically, focusing on hand postures resulted in
enhanced negativity over somatosensory regions in the hemisphere
contralateral to target location (N2cpc component), indicating selective
modulation of SCx during attentional selection of body-related infor-
mation. No such effect occurred when attention was directed to visual
properties of the hands. These results may indicate a distinctive role of
somatosensory cortices in underlying attentional selection of body-
related information independently from initial visual processing. Taken
together, the current study supports the notion that attention mecha-
nisms operate depending on the nature of extracted information,
recruiting brain areas that usually represent functional properties of that
information. Last, we believe that these results contribute to the
embodiment and action perception frameworks by extending the role of
SCxs to attentional selection of body-related information, as well as to the
attention field by enriching our understanding of the processing of
multifaceted stimuli.
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