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a  b  s  t  r  a  c  t

We  investigated  the  effect  of  visual  separation  of  left and  right  hemispaces  within  peripersonal  space
to  sustained  tactile  spatial  attention  processing  and  showed  that  visually  perceived  object  separation
weakened  the  competitive  interaction  for concurrent  vibrotactile  stimulation  to two  hands.  Participants
received  concurrent  vibrotactile  stimulation  at  different  frequencies  on two  hands  (right:  20  Hz; left:
24  Hz)  for  4500  ms  to elicit  steady-state  somatosensory  evoked  potentials  (SSSEPs).  They  attended  to
one  of  the  stimulated  hands  and  reacted  to rare  transient  events  embedded  in  the  attended  ongoing
stream.  Behavioral  and  neurophysiological  results  reveal  that  separation  of  spatial  representation  of
tactile  event  locations  could  facilitate  bilateral  tactile  spatial  selection  in  sustained  attention  processing.
Visual  separation  by a  gap  between  hands  increased  the  magnitude  of  attentional  gain in SSSEPs  compared
to  the  situation  when  no  gap was  present.  Results  suggest  that  visual  separation  resolved  the competition
between  concurrent  tactile  stimulation  on two hands.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The specific representation for the peripersonal space, defined
as the area immediately around one’s body within a graspable
distance (Di Pellegrino & Làdavas, 2015), enables actions such as
avoiding or grasping a stimulus coming towards the face or the
hand (Graziano & Cooke, 2006; Rizzolatti & Fadiga, 1997). Many of
these actions within peripersonal space are coordinated by vision
and touch. A series of behavioral studies which adopted a Posner
design presented evidence of crossmodal links between vision and
touch in covert spatial attention within peripersonal space (Spence,
Pavani, & Driver, 2000). In particular, Spence and colleagues found
that when participants expected a target on a particular side, the
reaction would be faster, regardless of the modality (touch or
vision) of the target. Furthermore, when touch was  cued to one
side, visual attention would also be directed to that side and vice
versa. These results show that spatial processing of vision and touch
within peripersonal space interacted depending on the spatial con-
gruency of stimuli.
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In addition to crossmodal links between vision and touch, vision
seems to be able to modulate tactile unimodal processing. Evi-
dence for supporting this claim comes from studies of tactile
extinction patients (Làdavas, Di Pellegrino, Farnè, & Zeloni, 1998;
Làdavas, Zeloni, & Farne, 1998). Extinction is a clinical condition
in which patients are unable to detect a stimulus on the contra-
lesional side when concurrent stimuli are presented to both contra-
and ipsi-lesional sides. This symptom is attributed to an unbal-
anced competition of limited attentional resources for processing
concurrent stimulation (Di Pellegrino, Basso, & Frassinetti, 1997).
In studying patients suffering from unimodal tactile extinction,
Làdavas and colleagues (Làdavas, Di Pellegrino et al., 1998; Làdavas,
Zeloni et al., 1998) presented purely tactile (unimodal) or tactile
and visual (crossmodal) concurrent stimuli to both hands within
the peripersonal space of patients. They found that either a tactile
or a visual stimulus presented near the hand on the ipsi-lesional
side would induce tactile extinction. On the contrary, when a
visual stimulus presented near the hand on the contra-lesional
side, tactile extinction would be attenuated. These results, in line
with results from behavioral studies (Spence et al., 2000), revealed
that the modulation of crossmodal visual stimulation to unimodal
tactile spatial attention was  space-based rather than specific to
modality. Moreover, a visual stimulus could reduce or enhance
competition in processing tactile simultaneous stimuli, and its
effect is comparative to a tactile stimulus. However, less cross-
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modal visuo-tactile extinction or facilitation was observed when
the visual stimulus was  presented far from the space around the
patient’s hand or face (i.e. out of peripersonal space), thus revealed
that the crossmodal modulation of tactile spatial attention was spe-
cific in the peripersonal space (Làdavas, Zeloni et al., 1998; Làdavas
& Farnè, 2004).

Tactile spatial attention would also be modulated by the
distance between hands when hands were seen. Two  neurophys-
iological studies by the same group of researchers (Gillmeister,
Sambo, & Forster, 2010; Sambo, Gillmeister, & Forster, 2009)
revealed that sustained spatial attention in touch was modulated
when the task was related to looking at hands. In both studies, par-
ticipants were asked to detect targets on the attended hand while
ignoring all other events. Facilitation effects in attention modu-
lation were observed in the P100 and N140 components of the
somatosensory evoked potential (SEP). These components are well
known to be modulated by selective spatial attention in various
studies (cf. Eimer & Forster, 2003; Forster & Eimer, 2004, 2005;
Forster & Gillmeister, 2011). However, when comparing the results
of the two aforementioned studies (Gillmeister, Sambo et al., 2010;
Sambo et al., 2009), Forster and colleagues found that vision of
the hands, compared to unseen hands, facilitated selective spatial
attention in touch only when hands were sufficiently separated in
external space. The authors speculated that between-hands spatial
selection might be facilitated by remapping of touch in the exter-
nal coordinates since tactile stimuli placed farther apart were more
likely to provide information from different sources (Gillmeister,
Adler, & Forster, 2010). To test this speculation, Gillmeister and
colleagues (Gillmeister, Adler et al., 2010) investigated whether
facilitation effects in tactile spatial attentional processing existed
when participants’ perceived stimulation was sent from separate
sources. In this study, participants received tactile stimuli from
stimulators on two hands. There were 3 experimental conditions:
(I) hands were close when stimulators were separated, (II) hands
were far apart when stimulators were separated, or (III) hands were
far apart when stimulators were connected with a pole. Participants
had to detect targets on the attended hand while ignoring all other
events. This study revealed that attentional modulation in SEPs was
found only in later components when stimulators were connected
with a pole or hands were close, while attentional modulation was
found in both early and late components when stimulators were
separated. The authors concluded that there was an object-based
system in tactile attentional spatial selection that linked or sep-
arated spatial representation of tactile stimuli. When both hands
were connected by a jointly held object (i.e., stimulators connected
with a pole), stimuli applied to both hands were likely to be per-
ceived as coming from the same source of stimulation. Thus, none of
the hands was prioritized in spatial attentional selection in the early
processing stage, and attentional modulation was  not observed in
early components, i.e., P100 or N170. On the contrary, when bilat-
eral tactile stimuli were perceived as coming from different sources,
processing of the attended location would be prioritized at an early
attentional processing stage. Since hands and stimulators were cov-
ered during stimulation, the authors concluded that tactile spatial
attention selection was affected by a top-down modulation due
to prior knowledge (i.e. participants knew that stimulators were
connected or not, before hands were covered). The authors also con-
cluded that tactile spatial attention spread along object boundaries
as found in vision (Martinez, Ramanathan, Foxe, Javitt, & Hillyard,
2007), hence tactile attention was both space- and object-based.
Other studies in somatosensation also reveal top-down modula-
tion, such as motor intention (Fischer & Hoellen, 2004), that affected
tactile object-based attention.

In vision, object-based attention effects can also be induced
by top-down modulation, such as familiarity of objects (Vecera &
Farah, 1997), semantic objects (Yuan & Fu, 2014), and learned co-

occurrence of features or objects (Zhao, Cosman, Vatterott, Gupta,
& Vecera, 2014). On the other hand, object-based attentional effects
can be influenced by bottom-up perception of physical attributes.
Following the Gestalt grouping principles, locations can be grouped
into an “object” due to common color or features, proximity, con-
tour and continuity and constrained the spread of attention (Egly,
Driver, & Rafal, 1994; Müller & Kleinschmidt, 2003; Vecera, 1994).
One common method to reveal object-based effects is to group dif-
ferent locations within a visual object and comparing that to when
the same locations are grouped into different objects (Kramer &
Jacobson, 1991). Previous fMRI studies in vision used visual shape
to define objects, and found that the uncued location on the same
object with the cued location revealed higher blood oxygen level-
dependent (BOLD) activation compared to equidistance location on
another object (Müller & Kleinschmidt, 2003). Up to our knowledge,
no previous study has studied about how visual object influences
tactile spatial selection, similar to that on visual spatial selection.

In the present study, we investigated whether visual separa-
tion between two hands would facilitate tactile bilateral selection
and modulate competitive interaction of spatial attention under
concurrent stimulation in touch. While keeping distance (in term
of both proprioception and vision) between hands constant in all
conditions, we manipulated visual separation between hands by
using different covers on hands and stimulators, namely (I) big-
box: a big white box which created continuous boundaries of the
location of bilateral tactile events; (II) color-on-box: the same big
box with two  high-contrast color patches which marked the posi-
tion of the hands and stimulators. These patches provided a visual
aid for directing spatial attention to the left and right hands, at the
same time keeping the continuous boundaries of the location of
bilateral tactile events; (III) small-boxes: two  small boxes in white
color which showed a “true” gap separating tactile event locations
into left and right spaces, in addition to the visual aid for directing
spatial attention.

To investigate visual modulation in unimodal tactile com-
petitive interaction under concurrent stimulation, we used
steady-state somatosensory evoked potentials (SSSEPs), a sinu-
soidal electrophysiological brain response evoked by mechanical
vibrotactile stimulation delivered to the glabrous skin of humans.
SSSEPs have the same temporal frequency as the driving stimu-
lus (Adler, Giabbiconi, & Müller, 2009; Giabbiconi, Dancer, Zopf,
Gruber, & Müller, 2004; Giabbiconi, Trujillo-Barreto, Gruber, &
Müller, 2007; Ishibashi et al., 2000; Kelly & Folger, 1999; Kelly,
Trulsson, & Folger, 1997; Pang & Müller, 2015, 2014; Snyder, 1992;
Tobimatsu et al., 1999) and its amplitudes maximize in the 20 Hz
range (Snyder, 1992; Tobimatsu et al., 1999), which is the so-called
flutter range. Previous studies showed that SSSEP amplitudes at
the driving frequencies of the vibratory stimulation increased sig-
nificantly when participants attended to the stimulated location
compared to that when it had to be ignored (Adler et al., 2009;
Giabbiconi et al., 2004, 2007; Pang & Müller, 2015, 2014). Our
previous studies revealed that attention modulation of SSSEPs is
mainly located in the contralateral primary somatosensory cortex
(SI) (Giabbiconi et al., 2007), and another study of our own group
showed BOLD signal changes with attention for 20 Hz vibrotactile
stimuli not only in the SI but also in the secondary somatosensory
cortex (SII) (Goltz, Pleger, Thiel, Villringer, & Müller, 2013).

By applying concurrent stimulation at different frequencies to
left and right hands, respectively, the attentional modulation of
the respective response can easily be identified by analyzing the
frequency-tagged responses (SSSEPs) to an input at a specific loca-
tion, allowing to study the underlying neural mechanisms in early
somatosensory cortex (SI and SII). Given the interconnection of
the SI and the SII with networks supporting the representation of
peripersonal space (Cardini, Longo, & Haggard, 2011; Graziano &
Gross, 1994; Taylor-Clarke, Kennett, & Haggard, 2002), we expected
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