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Sustained attention to a body location results in enhanced processing of tactile stimuli
presented at that location compared to another unattended location. In this paper, we
review studies investigating the neural correlates of sustained spatial attention in touch.
These studies consistently show that activity within modality-specific somatosensory
areas (Sl and Sll) is modulated by sustained tactile-spatial attention. Recent evidence
suggests that these somatosensory areas may be recruited as part of a larger cortical
network, also including higher-level multimodal regions involved in spatial selection
across modalities. We discuss, in turn, the following multimodal effects in sustained
tactile-spatial attention tasks. First, cross-modal attentional links between touch and
vision, reflected in enhanced processing of task-irrelevant visual stimuli at tactually
attended locations, are mediated by common (multimodal) representations of external
space. Second, vision of the body modulates activity underlying sustained tactile-spatial
attention, facilitating attentional modulation of tactile processing in between-hand (when
hands are sufficiently far apart) and impairing attentional modulation in within-hand
selection tasks. Finally, body posture influences mechanisms of sustained tactile-spatial
attention, relying, at least partly, on remapping of tactile stimuli in external, visually
defined, spatial coordinates. Taken together, the findings reviewed in this paper indicate
that sustained spatial attention in touch is subserved by both modality-specific and
multimodal mechanisms. The interplay between these mechanisms allows flexible and
efficient spatial selection within and across sensory modalities.

KEYWORDS: spatial attention, touch, multimodal, body posture, event-related potentials
(ERPs), functional magnetic resonance imaging (fMRI), positron emission tomography (PET)

INTRODUCTION

Unexpected, salient stimuli in the environment and on our skin (e.g., a bee on tlwé backand) can
capture our attention without our intention. However, we are also able to vi®judiaect attention to a
specific event or spatial location in order to select the most relevantiation for current goals. This
endogenous control of attention is crucial for everyday tasks. Indeed, resehesleeteng established
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that our sensory systems (e.g., visual, somatosensory) have limited dafa8ityAs a result, at any
given time, we become aware of only a subset of the incoming sensory inputs. Selgetition allows
us to process relevant information more thoroughn irrelevant stimuli in all sensory modalities. The
neural underpinnings of this effect have been addressed by using an array of attpatimtighms and
methodologielg,5,6]. Although most of the research on the effects of attention on sensory pro¢essing
focused on the visual and auditory modal[ie8,9], the last 2 decades have seen an increase of interest in
the brain mechanisms underlying the attentional modulation of somatosensory re¢pem$#6,11] for
reviews of behavioral studies on tactile attention). A number of these studieftased on the neural
correlates of tactilspatial attention[3,11]. This field of investigation also has clinical implaradi
because attentional biases to the body have been suggested to play an impoftarthel®aintenance
of medically unexplained (bodily) symptoms and chronic pain states[12,13,14].

Endogenous tactile-spatial attention has been experimentally manipulated eithemigytloei¢o-be-
attended body location on a trial-by-trial basisafsientattention) or by instructing participants to
maintain their attention on one body part (e.g., the hand) for a longer timely Usuahn entire
experimental blocksustainedattention). This paper reviews research to date on the neural mechanisms
involved in sustained tactile-spatial attention. Several everyday situations reggtaeed attention to a
certain body site; for example, when we explore the environment with our hands sefarchamgething,
we may focus attention on our hands for several minutes even without lookiregrafdovert attention).
Despite this observation, there has been limited research on the neural subktsattained spatial
attention in touch. Furthermore, most of these studies used event-related potenRa)st¢ERvestigate
the time course of the attentional modulation of tactile processing, whileofalvese studies have
employed hemodynamic techniques (e.g., functional magnetic resonance imaging, fMRI, and positron
emission tomography, PET), which provide higher spatial resolution.

Early investigations showed that sustained tactile-spatial attention modulaieity aetthin
somatosensory areas (Sl and Sll), facilitating processing of tactile stiByab[17]. While these studies
investigated the tactile modality alone, in the last decade, researchers havekeseingly interested in
how such attentional effects are modulated by other factors, such as multimodal inplobdgnd
posture[18,19,20]. In particular, research has shown reciprocal influences betweerartdueision
during sustained tactile-spatial attention. In this paper, we review evidenoeduadity-specific and
multimodal or supramodal effects, including unpublished data from our studies, and we pissiisie
mechanisms underlying these effects. Throughout the papese the terms: (a) “modality-specific” to
refer to effects associated with activation of brain areas specifibadlicated to processing information
in one sensory modality (e.g., somatosensory cortex);nfla)timodal” to indicate effects that involve
more than one sensory modality at a time (e.g., touch and vision) and possibljroesalttivation of
bimodal, or trimodal, neurons in the edled “multimodal” areas (e.g., intraparietal sulcus, IPS[21]); and
(c) “supramodal” to indicate effects that are mediated by a cortical network, including frontoparietal
areas, whichr@ common across sensory modalities and may be activated by one modality at a time.

NEURAL MECHANISMS UNDERLYING SUSTAINED TACTILE-SPATIAL
ATTENTION

In the last few decades, ERPs have been increasingly used to gain insights intoetlceutise of
attentional processing. ERPs consist of successive positive- and negative-gaotgodsflin the EEG
activity, time locked to an event (e.g., stimulus presentation). Early inagstig on sustained tactile-
spatial attention have compared ERPs elicited by electrical stimuli appligte tbands, while the
participants’ attention was either directed to or away from the stimulated hand for an entire block of
stimuli[15,16,17,22]. In all these studiebe participants’ task was to silently count stimuli delivered at
the currently attended hand. These studies have consistently shown that attentimdocation of a
tactile stimulus modulates early- and mid-latency somatosensory components of ERRSQ[¥7],
P100[15], and N140[15,16,17,22]), as reflected in enhanced amplitudes for stimuliguiesteattended
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compared to unattended locations. These effects are followed by a late positive component (LPC), elicited
from about 200 mec poststimulus onset, which is enhanced for tactile stimuli at attended
locations[15,16,17]. Taken together, these studies show that selection ofinéatitgation occurs from

the early stages of processing. In particular, short- and mid-latency ERP components are thougtit to refl
modality-specific processing, thus indicating that sustained spatial attentionfeetnpafceptuaktages

of tactile processing[23]. In addition, the LPC may indicate attentional influeatc@sstperceptual
processing levels[16,24]. Thus, spatial attention appears to affect neurdtieactiglated to both
processing of physical attributes of stimuli and stimulus identification and categorization.

The findings discussed so far have been partly confirmed by more recent ERP thiadiesed
mechanical tactile stimuli and required participants to make a vocal or medponse to tactile
targets[25,26,27]. These studies reported that sustained attention to one hand effégteand mid-
latency somatosensory components (i.e., N80[26], P100[26,27], and N140[25,26,27]), as laédr
stages of processing (see Fig. 1[25]). However, unlike earlier inggstig, this late attentional
modulation was more negative for tactile stimuli at attended compared to unattendetdotagigative
differenc&, Nd). This reversed effect at later stages of processing may reflecedifes in experimental
procedures, including working memory load, which is higher in tasks requimgaincount of target
stimuli throughout a block as compared to vocal or foot response to all targefa3stee a discussion).
Taken together, these findings tally with previous evidence that sustained-dpatied attention
influences both perceptual processing and decision-making stages.

Sustained attention to one hand

= Attendend
===+ Unattended

4uV = C3l4c

6nV

FIGURE 1. Effects of sustained spatial attention on tactile processing.
The figure shows grand-averaged somatosensory ERPs elicited irOthe 50
msec interval following stimulus onset by tactile (mechanical) stimuli at
attended <{olid lineg and unattended déshed lines) locations.
Somatosensory ERPs are shown for electrode C3/4 (i.e., over
somatosensory cortex) contralateral to the site of tactile stimulation. ERPs
were significantly enhanced for tactile stimuli presented at attended vs.
unattended locations in the range of the N140 component and at later
latencies (Nd). (Data from Forster and Eimer[25].)
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Furthermore, these studies provide additional insighdgtie mechanisms involved in sustained tactile-
spatial attention by comparing different typesatdftite selection. For example, Eimer and Forstéré2el
Zopf and colleagues[27] found evidence for a pladissociation between neural mechanisms underlying
sustained and transient allocation of spatial titterin touch[2527]. These differences were found at early
stages of somatosensory processing in both stugiiesifically, Eimer and Forster[26] found that &0
and P100 components were uniquely modulated byisadtand transient attention, respectively; and in
Zopt et al's study[27], the topography of the P100 component was daondiffer between sustained and
transient attention conditions, with attentionaldmations being observed ipsilaterally and conteaddly
to the site of tactile stimulation, respectively.dddition, both these studies found that subseciages of
tactile processing (i.e., overlapping with the Nle@mponent and Nd) were similarly modulated by
sustained and transient attention. Together, thesdts suggest that sustained and transient attenhti
orienting in space may differ at early (perceptual}, not later, stages of tactile processing.

On the other hand, sustained attention to a body location has $lemvn to modulate
somatosensory ERPs at similar latencies as doesspatidl sustained attention (i.e., selection of
nonspatial attributes of tactile stimuli, e.qg., intensity)[2Bls suggesting that selection of spatial and
nonspatial tactile information may occur in parallel (see f8030,31,32] for evidence in support of
similar “where’ and “whaf’ dissociations in somatosensory processing in nonattentional tasks).
Interestingly, while spatial and nonspatial attentional seledtia® been also shown to operate in
parallel in the auditory modality, similar to touch[33], vuision, selection of nonspatial attributes of
stimuli is hierarchically dependent on selection of spatial informgg#jn

The studies reviewed so far show that early- and mid-latency somatosenspgneats (i.e., N80,
P100, and N140) can be modulated by the sustained focus of spatial attention, with someaddifferenc
the specific components involved, possibly reflecting the different methods and procedeoles us
Comparisons between intracranial and scalp recordings[35,36,37], and findings from
magnetoencephalography (MEG) studies[38,39,40,41,42,43], suggest that these ERP components may
originate in modality-specific somatosensory areas (i.e., primary and secondary soseayoseeas, Sl
and SlI). In particular, it is has been suggested that the N80 component originates in S| cahtcatager
tactile stimulation[35,36,38,40,42,44]45and the P100 component originates bilaterally from
SlI[43,46,47]. The source of the N140 component is less understood and may be locateipie mult
areas[22], including SlI and bilateral frontal areas[35,38,39,41,42]. Taken together, the enadeweed
so far supports that tactile-spatial selection during sustained attentiobenmagdiated by activity in Sl
and SlI. However, it should be noted that while the majority of these ERP studieedegibentional
modulations of components generated in SllI, the involvement of Sl in such effects ikdess lte
primary somatosensory cortex receives input from the thalamus, and is thought to encariitimedod
intensity of tactile stimuli applied to the contralateral hemibody. Somatoseingoryis then relayed to
SlI (although indication of direct projections from the thalamus toa®&b exists[48,49]), which is
concerned with higher-level integrative processes, such as recognition and roétactije information.
Thus, the attentional modulation of early ERP components originating in Siefiest a sensory gain or
amplification of the tactile signal prior to full stimulus identificat and recognition, while the
modulation of activity in Sll may indicate that spatial attentiodugrices the subsequent stage of
perceptual decisionFurthermore, the involvement of Sll in spatial selection between body parts is
compatible with the evidence of somatotopic organization in both contralateral and ipsilafgédl Sl|

In line with the electrophysiological evidence discussed above, studies using hamadimaging
techniques also support the view that sustained spatial attention to a body paifiectactivity in
somatosensory areas. For example, one study using PET([51]; Experiment 2) reported thatimgaint
attention to one hand vs. the other during bilateral tactile stimulatione@s$ulincreased rCBF (regional
cerebral blood flow) within the postcentral gyrus (corresponding to Shvalagim participants had their
eyes open and closed during the tactile attentional.taskine with these findings, an fMRI study[52]

! The differences in brain responses between these two conditionsy@s.open vs. closed) are discussed in the
section “Effects of Vision of the Body on Sustained Tac8|extial Attention”.
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showed that sustained attention to tactile stimuli (numbers written on a gghtied to one hand during
bilateral stimulation increased activity in the contralateral primary siseasory area (Sl), as well as
contralateral sensorimotor regions. Furthermore, similar attentional modulatioostralateral SI were
found in a PET study in anticipation of tactile stimuli, but in absence of stimulation[53]. Thus, éogverg
evidence from electrophysiological and hemodynamic studies suggests that suitatiedpatial
attention modulates tactile processing from early stages. This evidence is supponeddny study that
investigated the effects of sustained spatial attention during biladetdé t(Braille) stimulation usim
simultaneous EEG and fMRI recordffsf]. This study found that early- and mid-latency somatosensory
ERP components (P50, N80, and P100), as well as longer latency components (fromed #@tens
stimulus onset), were enhanced by tactile-spatial attention. In addition, atietéiead fMRI activations
were found in Sl, SllI, the inferior parietal lobe, and some frontal areas. Impaqrtattytional
modulation of the fMRI signal in contralateral SI was found to be positigelyelated with the
attentional effects on the P50 component as well as on longer-latency ERP componeritS{frosc
after stimulus onset). The findings from this study add to previous evidence thatezslitaatiie-spatial
attention may affect activity in somatosensory areas during initial sensorggiracas well as at longer
latencies, possibly mediated by re-entrant signals from higher cortical areasnéxitfieee sections, we
examine studies showing that attentional effects in touch may be modulated by multiypatiabind we
discuss the neural mechanisms of these effects.

CROSS-MODAL LINKS IN SUSTAINED SPATIAL ATTENTION BETWEEN TOUCH
AND VISION

In the last 2 decades, there has been a great deal of interest in whethewameéchanisms of spatial
attention operate across sensory modalities[55] (but see also [56,57]iscussibn of cross-modal and
modality-specific attentional effects in the temporal domain). To address thitoquessearchers have
tested whether attending to a spatial location within one sensory modality téeich) affects the
processing of stimuli in a different, task-irrelevant modality presenteuatidcation. Two hypotheses
have been put forward. If attentional mechanisms are entirely modality spmuodfi segregated, then
attentional facilitation should only be found for stimuli in the primarierated modality. On the other
hand, if selective attention is mediated by supramodal mechanisms (i.e., common acroseshodali
else if attentional mechanisms in different modalities“aeparable but linké&f23,58], then attending to
a spatial location in a certain modality should result in facilitation ofge®ng also for stimuli in a task-
irrelevant modality presented at the attended location, at least to some extent.

A number of studies using different paradigms and methodologies have investigetganodal
links in sustined spatial attention between touch and vision. For example, in Eimer and Driver’s
study[18], participants maintained attention to one side of space for an enérarexypal block in order
to respond to target stimuli (stimuli with“gap’ in the continuous stimulation) among nontargets in the
primary modality (e.g., touch) at the attended hand, while ignoring stimslemied at the unattended
hand, as well as all infrequent stimuli in the task-irrelevant modality (esgony. These authors found
that attending to a certain spatial location within the tactile modatihanced not only somatosensory
ERPs in response to tactile stimuli presented at that location, but alswisagdlyERPs elicited by task-
irrelevant visual stimuli presented at tactually attended, compared to unattemaéidns. However, the
attentional modulation of visual ERP components (namely, P1 and N1) was less pronouncexigihen t
was the primary modality and visual stimuli had to be ignored compared to when wias task
relevant. Thus, sustained attention directed to a location within one semsaajity can spread, to some
extent, to another sensory modality in a spatially selective fashion. Iimtghgstvhen vision was the

2 1t should be noted that, in this study, tactile attention was maintaineshe hand for short intervals (32 sec),
unlike the other studies described in this review where attention was sustaiaddnger duration (typically a few
minutes).



Sambo and Forster: Sustained Spatial Attention in Touch TheScientificWorldJOURNAL (2011) 11, xxx—xxx

primary modality and tactile stimuli could be entirely ignored, no attentionatiukation of
somatosensory ERPs was observed in response to infrequent tactile stimuli. Thiaveaayfunctional
advantage in that it would allow us to filter out tactile (proximal) inforomathat may not be relevant
when we orient attention to visual or auditory (distal) information @ee [59] for cross-modal
attentional links between vision and audition). However, in a follow-up experiment wis@re was
again the primary modality, but infrequent tactile stimuli now required a respegagdless of their
spatial location, Eimer and Driver[18] found that somatosensory ERPs were modiylates location
where visual attention was maintained, starting from 148cmsststimulus onset. Thus, these results
suggest that, different from the effects of tactile attention on vision, toaglbendecoupled from visual-
spatial attention unless it becomes potentially relevant.

Taken together, these findings support the view that spatial attention operaiss sensory
modalities. These results further suggest that mechanisms underlying crosspatidhhttention do not
entirely rely on a single supramodal system, but also operate at a modality-dpeeifias indicated by
larger spatial effects observed for stimuli in the primary (attended) compartt ttask-irrelevant
modality. A recent computational network model[60] also supports that cross-modalinliskstial
attention between vision and touch are mediated by both supramodal and modality-specificsmschani
In this model, endogenous attention to a stimulus location within one sensory maaglifytduch) is
implemented as top-down bias input applied to both bimodal and unimodal (e.g., tactile) oéuhens
network, within the same hemisphere. Under these conditions, the model predictsagidacflieflected
in a reduction of the network settling time) for stimuli at therated compared to the unattended side.
These facilitatory effects are stronger in the biased modality (becattse fofther bias input applied to
the unimodal, e.g., tactile, neurons) and somewhat attenuated in the unbiased modalityy, Gtz
down bias inputs were applied to either the modality-specific or supramodal componentseomgdel
would not be able to predict the spread of attention from one to another modality andnhatedt
attentional effects in the secondary modality (respectively) observed in beli@®lip and ERPs
studies[18,62]. Thus, computational evidence supports that spatial attention acrossesogpeliates at
multiple levels, resulting in enhanced processing for sensory information presetttededevant spatial
location, particularly, but not exclusively, for the relevant sensory modality.

Another study using PET ([51]; Experiment 1) also supports the view that both mapaiityic and
supramodal mechanisms are involved in spatial selection of information in one sepndalifynThese
authors showed that sustained spatial attention to one side of space during biiatefation in one
sensory modality (i.e., either touch or vision, in separate blocks) modulated bd#tityaspecific (i.e.,
postcentral gyrus and occipital lobe for touch and vision, respectively) and multinegiahs (e.g.,
intraparietal sulcus) contralateral to the side of stimulation, with the ffieanultimodal areas being
present irrespective of the modality of stimulation. These findings suggais endogenous spatial
attention within one modality involves spatial mechanisms that are specific foseaatry modality, as
well as mechanisms that are common across modalities. The latter mechanismsonteyrakponsible
for the cross-modal links in spatial attention reported in other studies[18].

Furthermore, fMRI and PET evidence shows that modality-specific visual regions, such as the
superior occipital gyrus, are also modulated during sustained spatial attentimunch, although to a
lesser extent than during visual attention. Such activations in visual areastdatilegasks might reflect
the notion that spatial reference frames are dominated by vision also in other sensory
modalities[63,64,65], possibly because of the high spatial accuracy provided bystlaé miodality
(although it may be noted that in one study by Macaluso et al.[66], the prefecmecurrent visual
stimuli during tactile selection may have also contributed to activations within vegiahs).

Taken together, the findings described in this section show that multimodal nsechanfi spatial
selection may be involved also during stimulation in one sensory modality[18,51é mext section, we
review studies that have attempted to clarify the contribution of visiotadtile-spatial attention; in
particular, the specific role of continuous visual input, such as ambient visual-$pi&trmation and
vision of the body.



Sambo and Forster: Sustained Spatial Attention in Touch TheScientificWorldJOURNAL (2011) 11, xxx—xxx

EFFECTS OF VISION OF THE BODY ON SUSTAINED TACTILE-SPATIAL
ATTENTION

The evidence presented in the previous section suggests that mechanisms urglestgingd tactile-
and visual-spatial attention operate in synergy. A related, but less exploredisisgioether ambient
visual-spatial information and vision of the body can affect tactile-$gtention mechanisms. In the
majority of the studies that have examined the effects of covert tactilatsgtadntion, participants had
their eyes open throughout the task and their body parts where tactile stieneliapplied (e.g., the
hands) were visible to them.

It is known that vision has a profound impact on lizesion of tactile stimuli in external spatial
coordinates[6,$4,65,67,68] However, few studies to date have investigatedrtie of vision in tactile-
spatial selection between body parts. Macalusocahéagues ([51]; Experiment 2) addressed thiseissu
comparing cerebral blood flow changes (as indexeBHY) during a sustained tactile-spatial attentasi t
when participants had their eyes open and closegskparate blocks. As outlined earlier, effectsaofile-
spatial attention were found within the postcengsalis (i.e., primary somatosensory area, Sl) igethpe
of whether participants had their eyes open oredoduring the task. By contrast, such attentional
modulations were observed in the intraparietal S laumultimodal region involved in spatial represéona
and attention, only when participants had theiseygen. These findings clearly suggest that atteatiml
vision interact in modulating tactile processingwéver, from this study, it cannot be resolved Wwaet
attentional effects in touch are specifically maded! by ambient visual-spatial information or visasrihe
body (or both). Indeed, vision of the environment fifes a frame of reference to localize events ierexd
coordinates also in modalities other than visiof§8B Therefore, it could be expected to help attentiona
selection compared to when only proprioceptionrimi@tion is available (i.e., when participants hther
eyes closed or are blindfolded). On the other hémete is evidence that vision of the body, rathan
vision of the environment alone, is crucial for proprioceptocalization[7(071,72] which may suggest that
the sight of the body could also be important atitexspatial selection.

In a series of experiments[19], we showed that vision of the body aids tactile-sgdeiction
between hands when these are sufficiently far apart, while it impairs withinskéaalion. Specifically,
in one study, vision of the body was found to facilitate tactile-spatial selestrambient-visual spatial
information[19]. In this study, participants performed a tactile discritimindaask, while sustaining their
attention to either their right or left hand, under three conditions: fsilbrvi with their hands covered
from view, and blindfolded. When both ambient visuospatial information and vigithre diands were
available {full vision”), the somatosensory P100 and N140 components were enhanced for tactile stimuli
delivered at attended compared to unattended locations, and these effects were follaveedtbined
negativity (Nd) elicited from 200 res after stimulus onset by tactile stimuli at attended locations. By
contrast, under bothcovered handsand“blindfolded’ conditions, attentional effects were not present
until 200 mecfollowing stimulus onset, when a sustained negativity was observed for attended compared
to unattended tactile stimuli (see Fig. 2). Consistent with this patteEBRBf results, shorter reaction
times (RTs) were fouhunder full vision compared to when participants’ hands were covered and when
participants were blindfolded. Thus, tactile-spatial selection appears to be speéifird by viewing
one’s own body, while visuospatial informatioper sedoes not seem to facilitate tactile spatial selettion

® Moreover, unpublished data from our recent work suggest that Vésilitation of tactile-spatial selection is not
affected by different angles of view of the participants’ hands. In particular, attentional ERP modulations were
present in the range of the P100 component as well as at later latencies (Nd) irrespective of whether participants’
gaze was directed (a) in peripersonal space, (b) in extrapersonal spémeinca mirror placed in front of them
(while the direct view of their hands was prevented).
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FIGURE 2. Visual modulation of effects of sustained spatial attention on tactile proce3siagfigure shows
difference ERP waveforms obtained by subtracting ERPs in resfiotestile (mechanical) stimuli at attended and
unattended locations during the 50@ec interval following stimulus onset, in the conditior&ill vision” (black
solid lineg, “covered hands(black dashed lingsand‘“blindfolded” (grey solid line}. The distance from the x axis
represents the amplitude of the attentional effects (iattended minus “unattendeti ERPs) in each condition.
Difference waveforms are shown for electrodes contralateral (right sttie panel) and ipsilateral (left side) to the
site of tactile stimulation. In th&ull vision” condition, attentional effects were present earlier than iffdtneered
hand$ and“blindfolded” conditions and were more enhanced. See text for further details. (Data fnoloo &
al.[19]).

This is also in line with previous evidence that viewing the stimulated bodybpampt a neutral object
placed at the same location (i.e., visuospatial information only), improves dpatikd resolution[73]
The visual modulation of tactile-spatial attention found in our studyfid] result from independent, but
converging, projections from frontoparietal brain areas deputed to attentionadl @t cross-modal
visuotactile integration, to somatosensory cortex, or, alternatively, from dicgeiections between
frontoparietal regions involved in attentional and multisensory processgiig) would then project back
to somatosensory areas.

Furthermore, this facilitation by vision of the body seems to require the handstta distance from
each other. Indeed, we found that when participants’ hands were placed close together, tactile-spatial
selection was not affected by the sight of the hands[74], thus suggestingsibiatarid hand position
may interplay in modulating tactile-spatial selection mechanisms.

On the other handve also showed that vision of one’s own hand may have a detrimental effect on
spatial selection between two adjacent fingers of the same hand (within-feotwbisg74]. In particular,
when the participars hand was covered, sustained spatial attention resulted in an enhancement of the
somatosensory P45 and N80 components, while when vision was available, attentiorsaiveffecnly
present at later ERP latencies (i.e., from 20Cearefter tactile stimulus onset). Although further
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investigation is needed to clarify the mechanisms underlying this effestpitssible that simultaneous
vision of adjacent fingers (represented in neighboring regions of Sl)intexfere with the filtering of

tactile inputs at unattended locations, possibly by modulating latéeahations in early somatosensory
areas (i.e., SI)[75,76]. In line with our findings, it has been shown that in conlyeaitdl early blind

people (i.e., with no or limited early visual exposure), effects of withirer attentional selection were
present at earlier stages of somatosensory processing (reflected in an enhaméethentP100
component) compared to sighted participants, where attentional modulations were only observed from
200 megcafter tactile stimulus onset[77].

Taken together, the dramatically different effects of vision on betweenwihoh-hand tactile
selection mechanisms[19, 74jggest that viewing one’s own hands can facilitate attentional selection of
tactile stimuli applied to both hands, and thus coded into an external, visuallpatethiframe of
reference (provided that the hands are sufficiently far apart)[63)%8greas it impairs (i.e., delays)
tactile-spatial selection of individual (adjacent) fingers, which rake place within a somatotopic
reference frame[78,80]. In the next section, we review evidence on the contributienfal and
somatotopic reference frames on sustained tactile-spatial attention, spgcifigakxamining the
influence of body posture and highlighting the role of visual input in such effects.

EFFECTS OF BODY POSTURE ON SUSTAINED TACTILE-SPATIAL ATTENTION:
ANATOMICAL OR EXTERNAL (VISUALLY DEFINED) REFERENCE FRAMES?

In most of the studies reviewed so far, participants attended to their hanelgheki were held apart in
an anatomical (uncrossed) posture. However, in everyday life, our hands assume vaiimuss path
respect to each other and to other body parts when we direct attention to them. To date, toé ledfetts
and, more generally, body posture on the mechanisms underlying sustained spatial attentcdnhave
been little investigated. In this section, we will discuss evidencectimiges in body posture affect
mechanisms underlying (1) sustained spatial attention in touch and (2) cross-maslah lispatial
attention between touch and vision.

First, it has been shown that crossing the hands over the body midline abolistesdrsed the
attentional modulation of somatosensory ERPs observed under anatomical posture[Pa6i2] when
participants’ hands were uncrossed, sustaining (tactile) attention to one hand resulted in enhanced
somatosensory ERP components (i.e., N80 and N140, as well as the later Nd); by csh&ast,
participants assumed a crossed posture, such attentional modulations were absent or tenelestsede
(i.e., larger amplitudes were observed for tactile stimuli deliveretieaunattended hand). The latter
result suggests that more attention was allocated to the curfenditended hand when this was held in
the hemispace, where typically the other, to-be-attended hand is seen. Altogetberfirtdings also
indicate that crossing the hands over the midline disrupts tactile-spatidloselgocesses, similar to
what has been shown for other tasks (e.g., temporal order judgment[65,81]). With traxsdsedthe
anatomical and external, visiyaldefined spatial reference frames for coding body locations are in
conflict (e.g., [63,82]; see also discussion in the sectifiects of Vision of the Body on Sustained
Tactile-Spatial Attention), which as a result may interfere with dpatiantional selectivity in touch.
Crucially, this also suggests that when the hands are held in an anatomiaeg,plosth somatotopic
(anatomical) and external reference frames are likely to be used to direct attention to body locations.

The use of anatomical and external reference frames in sustained tactile-$fgatiEinahas also
been shown when directing attention to anatomically distant body parts (e.g.,amahteet)[20]. For
example, Heed and Roder[20] used a spatial gradient paradigm whereby participantsl aaopt
uncrossed- and a crossed-hands posture, in separate blocks, while their feet were plaoeid In@add.

* See also Gillmeister and Forster[79] for evidence of facilitation by visiaheobody in a nonspatial tactile-
attention task.
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These authors showed that attending to a certain body partofie&s,own foot) also affected tactile
processing at a different body site (i.e., the hands) as a function of the distandbe attended body
part. In particular, attentional modulations of somatosensory ERPs were observdg, gieeeeptual
stages of processing (a0 mec poststimulus onset) both when the stimulated hand was placed near
as opposed to far from the attended foot, irrespective of whether this spatiatipyr resulted from an
uncrossed or a crossed posture, and when the stimulated hand was ipsilateral astomoosedateral

to the attended foot, irrespective of spatial proximity. These findings supgésttention to a location
on the body may spread to other body parts that are not contiguous (e.g., from thetHeebands).
Importantly, such attentional effects may reflect two distinct mechanisms, nentving a spatial
remapping of body locations in externdviGual’) coordinates and the other relying on anatomically
defined coordinates. This indicates that both anatomical information and information on one’s body
posture play a role when directing attention to a certain body location. Howevansbem interaction
between external spatial proximitnd anatomical congruence was not found in Heed and Roder’s
study[20], this suggests that these two mechanisms for tactile-spatial attention may iopmaedllel.

Second, the role of body posture in sustained tactile-spatial attention has alswbstigated using
a cross-modal paradigm. For example, Eimer and colleagues[62] used a method similaugedha
Eimer and Drivers[18] (see sectio@rossmodal Links in Sustained Spatial Attention between Touch and
Vision”) whereby participants performed a tactile discrimination task, while ire sdrthe trials, task-
irrelevant visual stimuli were presented near the hands instead of the gaotuli, at tactually attended
and unattended locations, under both uncrossed and crossed postures. While the resultssgaduncr
hands trials confirmed those reported by Eimer and Driver[18], the crumiafinding was that, under
crossed posture, attentional modulations were observed on the visual N1 and P2 compowisnid for
stimuli presented in the same hemispace where the tactually-attended hand was neldfdoutisual
stimuli ipsilateral to the tactile stimuli in terms of hemispheriggmtions. This indicates that such cross-
modal attentional links are mediated éyternalspatial coordinates after changes in hand posture are
taken into account. Indeed, these findings rule out the possibility that cross-limdaln spatial
attention result from spread of activation between modality-specific areaig Wit same hemisphere
(contralateral to the attended side; i.e., hemispheric-activation hypBe&4g), as this model does not
account for the effects following postural changes.

To summarize, in this section, we have examined evidence, first, that both anatomicakamal ext
frames of reference may be used to direct attention to body locations, amukl,sdé@t cross-modal
attentional links between touch and vision are mediated by an external-spatial frame of eefdremrc
hand posture is taken into account. As outlined in previous sections, an external-coordinates$osyst
tactile-spatial processing has been shown to rely on early visual experience8f3Mareover, it has
been suggested that such a reference system is used by sighted individuals, but nariakpidnd,
to direct attention to body parts on a trial-by-trial basis (i.e., trangiemtian)[85]. Although the neural
underpinnings of these postural effects on spatial attention have not been yetneéeteth@se may
involve an interplay between visual, tactile, and proprioceptive inputs, poss#olated by top-down
projections from frontoparietal regions to somatosensory areas[86]. In linghigtlccount, bimodal
(visual and tactile) neurons have been documented in these higher-order areas (e.g., the qumexotor
and the intraparietal sulcus[21,87,88]; see also [89,90] for fMRI evidence iansyma percentage of
which have their visual RFs anchored to a body part (i.e., the hands) and move when geethodyes
in space, so that they maintain spatial alignment with the tactile RFs[88]. Furthermore, frontaietatl p
regions are known to play a role in attentional selection[5,91,92]. The latefhtheseffects discussed in
this section (i.e., overlapping with the somatosensory components N80, N140, and Nd for thekffec
posture on tactile-spatial attention; and the visual N1 and P2 components for theadaesspatial-
attentional links between vision and touch) are compatible with the involvemieothofodality-specific
and multimodal mechanisms. Future studies may address the contribution of ambient viglal-spat
information and vision of the body to postural modulations of tactile-spatedtie® during sustained
attention.

10
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CONCLUSIONS

Increasing evidence shows that sustained spatial attention to touch can affegtinatiarty, modality-
specific areas (i.e., SI and Sll). Together, these findings support the notionteénéio@al selection
operates at the level of perceptual processing, i.e., a%ay filter’, possibly enhancing tactile
processing at relevant spatial locations and filtering out tactile infaomatt irrelevant
locations[51,75,93]. This evidence is also in line with effects of spatialiselettention reported in
other sensory modalities, such as vision and audition. However, while the modulatienrespective
primary sensory cortices by visual and auditory spatial attention has bedinmedn several
times[94,95,96,97], the involvement of Sl in tactile-spatial selection isustilear and has been only
reported in some studies.

Although the specific mechanisms underlying tactile-spatial attention are lhptuferstood,
evidence suggests that spatial-selective attentional effects may result froemdieg signals from
frontoparietal regions involved in spatial attentional selection across neslait somatosensory
areas[5,86]. Thus, spatial selection in touch may recruit both multimodal and megaliific areas,
similar to other sensory modalities[59,98,99]. This cortical network woutsvdlexible and efficient
spatial selection within and across modalities, possibly underpinning cross-tmddalin spatial
attention[23].

Furthermore, recent studies have shown that vision of the body and body posture careaféct
mechanisms underlying sustained tactile-spatial attention. First, viewing thehbedyeen previously
shown to enhance tactile processing independently of spatial orienting[73,74,100,101]1081€93he
finding that tactile-spatial selection is also improved by vision of the bogysonggest that vision and
attention interact to increase saliency of tactile events. Moreover, the evidahbedy posture is taken
into account when directing attention to a location on the body is in agreesittetite notion that tactile
stimuli are encoded not only in somatotopic coordinates, but also in an external, viefaigd
reference frame[63,67,82,85].
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