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Abstract Several recent studies have provided support
for the view that tactile stimuli/events are remapped into an
abstract spatial frame of reference beyond the initial somatotopic representation present in the primary somatosensory
cortex. Here, we demonstrate for the Wrst time that the
extent to which this remapping of tactile stimuli takes place
is dependent upon the particular demands imposed by the
task that participants have to perform. Participants in the
present study responded to either the elevation (up vs.
down) or to the anatomical location (Wnger vs. thumb) of
vibrotactile targets presented to one hand, while trying to
ignore distractors presented simultaneously to the other
hand. The magnitude and direction of the target–distractor
congruency eVect was measured as participants adopted
one of two diVerent postures with each hand (palm-up or
palm-down). When the participants used footpedal
responses (toe vs. heel; Experiment 1), congruency eVects
were determined by the relative elevation of the stimuli in
external coordinates (same vs. diVerent elevation), regardless
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of whether the relevant response feature was deWned
externally or anatomically. Even when participants
responded verbally (Experiment 2), the inXuence of the relative elevation of the stimuli in external space, albeit attenuated, was still observed. However, when the task involved
responding with the stimulated Wnger (four-alternative
forced choice; Experiment 3), congruency eVects were virtually eliminated. These Wndings support the view that tactile events can be remapped according to an abstract frame
of reference resulting from multisensory integration, but
that the frame of reference that is used while performing a
particular task may depend to a large extent on the nature of
the task demands.
Keywords Somatosensation · Touch · Multisensory ·
Response requirements · Frame of reference

Response requirements modulate spatial congruency
eVects in tactile perception
The primary somatosensory area of the human brain (SI),
lying along the post-central gyrus (anterior parietal cortex),
is neatly arranged to correspond topographically with the
body surface (the classic homunculus Wrst described by
PenWeld and Rasmussen 1950; see also Narici et al. 1991).
Neural activity in SI signals the location of tactile stimuli in
terms of a somatotopically based spatial representation.
However, in order for people to localize and act upon sensory inputs in the environment, most of their somatosensory experience must be referred to spatial locations
deWned according to other frames of reference (e.g.,
Holmes and Spence 2005, 2006; Paillard 1999; Pick 1974;
Polanyi 1962). For example, given that the body can adopt
a variety of diVerent postures, a tactile sensation arising
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from the hand can potentially originate from anywhere
within reachable space (see also Spearman 1907, for an
early discussion of this topic). The ability to rapidly localize a tactile stimulus is critical if one is to take rapid evasive
or defensive action based on that information (e.g., Graziano
et al. 2004).
Many researchers have suggested that the brain computes the location of tactile events in terms of abstract spatial reference frames that take into account information
regarding the current posture of the body (i.e., Azañón and
Soto-Faraco 2008; Botvinick and Cohen 1998; Driver and
Grossenbacher 1996; Eimer et al. 2001; Gallace and
Spence 2008; Lloyd et al. 2003; Pavani et al. 2000; SotoFaraco et al. 2004; though see Zampini et al. 2005). These
representations of tactile location can only be constructed
through the combination of somatosensory inputs with
other sources of sensory information concerning body posture, such as proprioception and/or vision (and possibly
audition, on some occasions). One interesting implication
of this type of result is that these multisensory binding processes occur in a fairly automatic and obligatory manner.
Consistent with this view, it has been argued, perhaps
somewhat counterintuitively, that the “conscious sensation
of touch takes place in space rather than on the skin. That
is, conscious sensation of touch is Wrst localized in space to
where the hand (and thus the particular part of the skin) is
placed, before it is Wnally localized to the skin.” (Kitazawa
2002; p 476). This preattentive conceptualization of the
binding between somatosensory and postural information
(conveyed proprioceptively and/or visually) implies that
tactile events are consciously localized according to an
abstract frame of reference (be it external or body-part centered), beyond the initial somatotopic maps found in the
primary somatosensory cortex (Azañón and Soto-Faraco
2008). Moreover, this abstract frame of reference might
provide the basis for the coordination of spatial information
arising from diVerent sensory modalities, such as from
vision and touch (e.g., Austen et al. 2004; Driver and
Grossenbacher 1996; Pavani et al. 2000; cf. Gallace and
Spence 2008).
These predictions have received empirical support from
several diVerent studies (e.g., Driver and Grossenbacher
1996; Lakatos and Shepard 1997; Soto-Faraco et al. 2004).
For example, Soto-Faraco and his colleagues demonstrated
that people’s ability to select a tactile target presented to
one hand depends on the distance at which the other hand,
receiving a distracting vibrotactile stimulus, is placed in
external space (see also Driver and Grossenbacher 1996;
Shore et al. 2005). Similarly, when selective attention is
deployed in a multisensory context (i.e., to selectively
respond to tactile targets while trying to ignore visual distractors), the interfering eVect of distractors has been shown
to be determined by their position in external spatial coordi-
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nates rather than by their initial hemispheric projections
(see Spence et al. 2000; Eimer and Driver 2000, for electrophysiological evidence; Làdavas and Farnè 2004; Moscovitch and Behrmann 1994, for neuropsychological evidence;
though see also Spence et al. 2001c). Findings from animal
electrophysiology are consistent with the existence of such
multisensory representations of peripersonal space in several brain areas (i.e., Cohen and Andersen 2004; Graziano
et al. 2004): for example, a number of the neurons in the
ventral premotor cortex have tactile as well as visual receptive Welds centered on a monkey’s hand and arm, and their
visual receptive Welds often appear to shift in line with the
hand as it moves through space (e.g., Graziano and Gross
1998).
One critical, but as yet still unresolved, issue regarding
the nature of tactile representations of space is how Xexible
they are in terms of the behavioral context and current task
goals (see Millar 1994; Millar and Al-Attar 2003). On the
one hand, as discussed above, previous results suggest that
the spatial selection of tactile events seems to operate
within an abstract spatial frame of reference (e.g., see
Driver and Grossenbacher 1996; Moscovitch and Behrmann
1994; Soto-Faraco et al. 2004; Spence 2002), which,
according to such results, would appear to be constructed
automatically. On the other hand, however, it is well known
that selective attention can operate at multiple diVerent levels of representation, depending on the relevant feature,
object, or action that the task involves (e.g., Desimone and
Duncan 1995; Kanwisher et al. 1995; Kennett et al. 2002).
For example, neural competition, thought to reXect attentional processes in vision, can take place at various diVerent
stages in the hierarchy of visual processing (e.g., Desimone
and Duncan 1995; Motter 1993) depending on the particular feature that is currently relevant for selection. In
humans, the behavioral goal (or relevant selection feature)
can form the basis for dissociations between diVerent types
of spatial hemineglect in neurological patients (e.g., Baylis
et al. 1993; di Pellegrino et al. 2005; see also Rapp and
Hendel 2003).
The possibility therefore arises that the nature of the
behavioral tasks used in previous studies of tactile information processing may have determined the type of spatial
coding that was used by participants in these studies. Several results in the literature on tactile selective attention also
suggest that under certain circumstances, a somatotopically
based frame of reference might prevail over an external
representation of space (i.e., Azañón and Soto-Faraco 2008;
Evans and Craig 1991; Evans et al. 1992; Röder et al. 2002;
Zampini et al. 2005). For example, a recent study by Azañón and Soto-Faraco showed that the frame of reference in
which tactile distractors inXuence the processing of visual
targets changes with time, from an initial short-lived
representation in a somatotopic code to a later, more stable,
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representation based on external coordinates. Therefore,
one important issue currently regards the question of
whether the abstract spatial frame of reference that is often
reported in studies of tactile processing reXects the adaptability of the system to the requirements of the task, or else,
results from the mandatory remapping of tactile spatial
information as has been suggested by certain researchers
(e.g., Kitazawa 2002; Soto-Faraco et al. 2004; Yamamoto
and Kitazawa 2001).
We addressed this crucial question in the present study
by using an elevation judgment task that has previously
been used to study tactile and crossmodal spatial congruency eVects (see Soto-Faraco et al. 2004; Spence and
Walton 2005; Spence et al. 2000, 2004a, b). Participants
had to make speeded elevation judgments in response to
targets (brief continuous vibrations) presented to either
the top or bottom of one of two foam cubes that they held
between the thumbs and index Wngers of both hands (see
Fig. 1). At the same time that the target was presented to
one hand, the other hand received a distractor (pulsed
vibration), which was presented at an elevation that was
either congruent or incongruent with respect to the elevation of the target. The typical result reported by SotoFaraco and his colleagues was that responses to targets
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paired with an incongruent distractor were, on average,
signiWcantly slower and less accurate than responses to
targets that were paired with a congruent distractor. This
congruency eVect has been interpreted as showing a failure to Wlter out eVectively irrelevant information across
the hands.
One of the most interesting Wndings to emerge from the
experiments reported by Soto-Faraco et al. (2004) was that
this congruency relationship depended on the external
location of the tactile events, and not on the anatomical
location (i.e., on the particular digits) where the target and
distractor events were presented. This was revealed when
the participants’ hands were placed in diVerent orientations as, for example, when the participants held one cube
with the right hand palm down and the other cube was held
by the left hand in a palm-up posture. Under such conditions, a distractor delivered to the top of the right cube
(i.e., to the index Wnger) would be incongruent with a target delivered to the top of the left cube (i.e., to the thumb)
in terms of its somatotopic representation, but would be
congruent in terms of the external spatial coordinates of
the stimuli. Thus, contrary to the situation when both of a
participant’s hands are placed in the same orientation, the
congruency eVects predicted on the basis of somatotopic

Fig. 1 Schematic outline of (a)
the experimental set-up, and (b)
the diVerent postures adopted by
participants in Experiments 1
and 2. Responses were made via
footpedals placed beneath the table (not shown). Each panel is
labeled according to the nomenclature used in the text to describe the various diVerent hand
posture conditions (dd, du, ud,
and uu). Note that in the palm-up
posture, the thumb rested on the
top of the foam cube, while the
index Wnger rested on the bottom
of the cube. The opposite was
true for the palm-down posture
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representations were opposite to those based on more
abstract (i.e., externally or body-part centered) representations. Soto-Faraco et al.’s results therefore supported an
interpretation based on an abstract reference frame (such as
one coding space in external coordinates). That is, regardless of the particular combination of hand postures that
were adopted by participants, distractors presented from the
top (spatially) of one cube always facilitated the processing
of targets presented from the top (spatially) of the other
cube.
In the experiments reported by Soto-Faraco et al.
(2004), as well as in many other previous studies that
have investigated the nature of the spatial representation
of tactile stimuli (i.e., Maravita et al. 2002; Pavani et al.
2000; Spence et al. 2000, 2001a, c; see also Gallace and
Spence 2008; Spence et al. 2004b, for recent reviews), the
participants were instructed to respond on the basis of the
external location from which the target was presented
(i.e., they had to respond in terms of the elevation of the
targets; top vs. bottom). Therefore, while these results are
illustrative of the possibility of remapping the location of
tactile events into a more abstract frame of reference
according to the particular requirements of the task at
hand, it is still unclear whether the type of spatial code
that the task aVords mediates this remapping process. In
the present study, we introduced a number of manipulations of the task whereby the participants either had to
localize the tactile events in terms of their external location (i.e., top vs. bottom), or in terms of their anatomical
location (i.e., Wnger vs. thumb). The response eVectors
were also varied (footpedal responses, Experiment 1 vs.
verbal responses, Experiment 2) in an attempt to evaluate
the role played by the spatial or nonspatial nature of the
action required by the response. We also replaced the elevation judgment task with a four-alternative manual
forced choice (4-AFC) task (Experiment 3) to assess the
importance of target–distractor spatial compatibility at the
level of response selection.
If the spatial representation underlying the perception
of tactile stimuli is Xexible and adapts as a function of the
behavioral context, then one would expect to Wnd that spatial congruency eVects depend on absolute spatial position
when the task requires a judgment based on external location (elevation), but on somatotopic location when the
judgment is based on the anatomical body part (i.e., digit)
stimulated. By contrast, if tactile spatial representations
are mandatorily remapped as a function of any changes in
body posture, then congruency eVects should follow
external space regardless of the task demands, posture
adopted, or response eVector utilized. Of course, there is
also the possibility of an intermediate result, whereby neither of these two spatial frames of reference is completely
dominant.
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Experiment 1
Methods
Participants
Sixteen participants (10 women, age range 19–33 years,
M = 24 years) took part in this study. They were all naïve as
to the purpose of the experiment, right-handed by selfreport, and had normal tactile sensitivity and normal or corrected-to-normal vision. The participants were given a Wve
pound (UK Sterling) gift-voucher in return for their participation. All of the experiments reported here were noninvasive and had ethical approval from the Department of
Experimental Psychology, University of Oxford, and were
performed in accordance with the ethical standards laid
down in the 1991 Declaration of Helsinki.
Apparatus and materials
The participants sat at a table in a completely dark soundproof booth, holding two foam cubes (with 9 cm of side),
one between the Wngers and thumb of either hand. A green
Wxation light was placed midway between the two cubes,
and two additional red LEDs, one placed directly above and
another placed directly below the Wxation LED, were used
to provide feedback whenever participants made an erroneous response. The cubes were attached to the table by
means of Velcro placed between the tabletop and the lower
rear edge of each cube (to ensure a constant positioning of
the cubes, regardless of the posture adopted), separated by
45 cm, and placed approximately 45 cm from the participant’s chest. Vibrotactile stimulators (Oticon bone-conducting vibrators, p/n BC-461-1 100) were mounted on the
top and bottom surfaces of each foam cube (see Fig. 1a).
The target consisted of a continuous suprathreshold vibration (200 Hz sine wave) presented for 300 ms, while the
distractor consisted of three 50 ms bursts (200 Hz sine
wave) each separated by a 50 ms interstimulus interval. The
participants wore a pair of closed ear headphones to mask
any noises associated with the operation of the vibrotactile
stimulators. White noise was presented at 65 dB (A) from a
pair of loudspeaker cones, one located just behind each
cube. Responses were collected via two footpedals placed
on the Xoor, beneath the table.
Design
The design included one between-participants factor,
namely task (respond-to-elevation vs. respond-to-digit).
Each participant performed only one of the two tasks (N = 8
participants in each group) to avoid any confusion that
might potentially have been associated with participants
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switching task mid-experiment. Each participant was tested
in four diVerent hand orientations in separate blocks of
experimental trials (both palms down, both palms up, left
palm down and right palm up, or left palm up and right
palm down; these postures will be referred as dd, uu, du, or
ud, respectively; see Fig. 1). Within each block of trials,
target position (left or right) and distractor congruency
(congruent or incongruent) were chosen at random on a
trial-by-trial basis.
Procedure
The participants were instructed to keep their eyes Wxed on
the central Wxation light and to hold the two foam cubes
between the index Wnger and thumb of each hand (the left
cube with the left hand, and the right cube with the right
hand). The Wngers/thumbs were placed in contact with the
vibrotactile stimulators, and the participants were asked to
keep the footpedals depressed throughout the experiment,
except when making a response. The experimental session
consisted of eight blocks of 64 trials, giving rise to a total of
512 trials. Prior to the start of each block of trials, the participants were instructed to adopt one of the four postures
(dd, uu, ud, or du). When a participant’s hand was placed in
the palm-down hand orientation, their index Wnger rested
on the top vibrator and their thumb rested on the bottom
vibrator, while the reverse was true for the palm-up hand
orientation. Each combination of hand orientations (i.e.,
each posture) was tested in two blocks of trials for each participant, with the order of postures in successive blocks
counterbalanced across participants according to a Latin
square design.
In each trial, participants received a target (a continuous
vibration) from either the top or bottom vibrator on one of the
two cubes, while the distractor (a pulsed vibration) was presented to the top or bottom vibrator of the other cube. The
cube (left or right) and elevation (top vs. bottom) of the target
and the spatial congruency of the distractor (congruent vs.
incongruent) were determined at random on every trial and
were equiprobable throughout each block of trials, with the
sole restriction that the target and distractor were always presented to diVerent hands on each trial. The instructions given
to participants varied according to the condition they were
assigned to at the start of the experiment.
The participants in Experiment 1 made their responses
by means of two footpedals placed under the toes and heel
of their dominant foot. In the respond-to-elevation condition, the participants were instructed to judge whether the
vibrotactile target had been presented to the upper vs. lower
part of the cube (lift the toes vs. heel, respectively), regardless of whether the target had been presented to their thumb
or index Wnger. By contrast, in the respond-to-digit condition, the participants were instructed to respond according
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to the digit that had been stimulated (Wnger vs. thumb; lift
the toes vs. heel, respectively), regardless of the elevation
from which the target had been presented. Response latency
from target onset and response accuracy were registered by
means of a custom computer program. No feedback was
given following a correct response. In the case of an erroneous response, the Wxation and feedback LEDs Xickered on
(for 90 ms) and oV (for 30 ms) eight times. If no response
was given within 3,000 ms of target onset, both feedback
LEDs Xashed, while the green Wxation LED was illuminated continuously.
Each participant completed two blocks of 20 practice trials prior to the main experimental session. In the Wrst practice block, vibrotactile targets were presented randomly
from either elevation to either hand in the absence of any
distractor stimuli. In the second practice block, the targets
were all presented to the participant’s right hand, while the
distractors were all presented to their left hand. The data
from these two practice blocks (which were presented simply in order to acquaint the participant with the task) were
not analyzed. The whole experimental session took approximately 40 min to complete.
Results
For consistency with the task requirements, we chose to
deWne congruency according to the relevant response
dimension. Thus, in the respond-to-elevation group of participants, congruency was deWned in terms of the spatial
relationship (i.e., relative elevation) between the target and
distractor (top–top and bottom–bottom were coded as congruent, and top–bottom and bottom–top were coded as
incongruent). For the respond-to-digit group, congruency
was deWned in terms of the anatomical site of stimulation
(index–index and thumb–thumb were coded as congruent,
while index–thumb and thumb–index were coded as incongruent).
The RT and accuracy data were submitted to separate
analysis of variance (ANOVA), with task (respond-to-digit
vs. respond-to-elevation) as a between-participants factor
and with congruency (congruent vs. incongruent) and
posture (dd, uu, du, and ud) as the within-participants
factors. The analysis of the RT data revealed signiWcant
main eVects of task [F(1,33) = 5.17; P = 0.029], posture
[F(3,99) = 5,25; P = 0.002], and congruency [F(1,33) =
13.86; P < 0.001]. The interactions between task and
posture [F(3,99) = 10.02; P < 0.0001], posture and congruency F(3,99) = 17.75; P < 0.0001], and the three-way
interaction were also signiWcant [F(3,99) = 13.93;
P < 0.0001].
A similar analysis of the accuracy data revealed signiWcant main eVects of task [F(1,33) = 25.02; P < 0.0001] and
congruency [F(1,33) = 12.18; P = 0.001]. The interactions
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between task and congruency [F(1,33) = 6.96; P = 0.01],
posture and congruency F(3,99) = 9.88; P < 0.0001], and
the three-way interaction were also signiWcant
[F(3,99) = 7.76; P = 0.0001].
Given the signiWcant three-way interactions observed in
both analyses, the RT and accuracy data from each group of
participants (those who completed the response-to-elevation task and those who completed the response-to-digit
task) were submitted to two separate two-way ANOVAs,
with congruency (congruent vs. incongruent) and posture
(dd, uu, du, and ud) as the within-participants factors. SigniWcance values were Greenhouse–Geisser-corrected where
appropriate. Those trials in which no response was made
and those trials in which the participants responded in
under 200 ms or with a latency of greater than 2,500 ms
were excluded from the RT analyses (less than 1% of trials
across Experiments 1–3).
In the respond-to-elevation condition (see Fig. 2), analysis of the RT data revealed a signiWcant main eVect of Congruency [F(1,7) = 11.4, P = 0.01], with participants
responding more rapidly on the congruent trials
(M = 577 ms) than on the incongruent trials (M = 750 ms)
overall. Neither Posture [F(3,21) = 2.8, P = 0.106], nor the
interaction between Posture and Congruency were signiWcant (F < 1). The analysis of the error data revealed a similar pattern of results. That is, there was a signiWcant main
Fig. 2 Results of the respondto-elevation group of Experiment 1 (bars represent mean
RTs and lines represent mean
percentages of errors) averaged
over participants (error bars
represent the standard errors of
the means). The results are
shown separately for each of the
four postures adopted (see the
inset conditions labels in each
graph). Congruency is shown as
a function of external location
(i.e., in terms of the task-relevant
dimension)
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eVect of Congruency [F(1,7) = 35.9, P < 0.001], with participants responding more accurately on congruent trials
(M = 3.9% errors) than on incongruent trials (M = 26.8%
errors) overall. There was no main eVect of Posture
[F(3,21) = 2.3, P = 0.153] nor any interaction between Posture and Congruency (F < 1).
In the respond-to-digit condition (see Fig. 3), the analysis
of the RT data revealed a signiWcant main eVect of Congruency [F(1,7) = 24,0, P = 0.002], with the participants
responding more rapidly on the congruent trials (M = 752 ms)
than on the incongruent trials (M = 807 ms) overall. There
was also a signiWcant main eVect of Posture [F(3,7) = 3.7,
P · 0.05], with faster responses being observed in those
blocks of trials where both of the participant’s hands were
placed in the same orientation (729 ms for dd, and 763 ms
uu) than when they were placed in diVerent orientations
(810 ms for ud and 814 ms for du). However, none of the
paired comparison t tests reached statistical signiWcance
after Bonferroni correction (all P > 0.1). Interestingly, there
was a robust interaction between Posture and Congruency
[F(3,21) = 28.7, P < 0.001]. Upon detailed analysis, this
interaction revealed a signiWcant diVerence in the congruency eVect (RT diVerence between congruent and incongruent trials) as a function of the posture adopted by
participants. In particular, when both of the participant’s
hands were placed in the same orientation, responses were
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Fig. 3 Results of the respondto-digit group of Experiment 1
(bars represent mean RTs and
lines represent mean percentage
of errors) averaged over participants (error bars represent the
standard errors of the means).
The results are shown separately
for each posture adopted (see the
inset conditions labels in each
graph). Congruency is shown as
a function of anatomical
location (i.e., in terms of the
task-relevant dimension)

Right hand
Palm-up

50

700

25

600

0

Errors

75
50

700
25
0
Congruent Incongruent

faster on congruent trials than on incongruent trials (mean
congruency eVect of 267 ms for uu, and 247 ms for dd, i.e.,
a typical congruency eVect was observed). In contrast, this
congruency eVect reversed completely when the orientation
of the participant’s hands did not match (see Table 1).
In terms of the error data, neither of the two main eVects
in the analysis was statistically signiWcant {congruency
[F(1,7) = 2.6, P = 0.149], and posture [F = 1.0]}. The most
relevant result, however, was the robust interaction
between Posture and Congruency [F(3,21) = 115.6,
P < 0.001]. Just as for the RT data, a signiWcant positive
congruency eVect (reXecting the fact that participants’
responses were more accurate on congruent trials than on
incongruent trials) was observed when the participants’
hands were placed in the same orientation (mean congruency eVect of 35.8 and 33.2% for dd and uu trials, respectively), whereas a negative congruency eVect was seen
when the participants’ hands were placed in diVerent orientations (¡30.6% for du and ¡33.5% for ud, see Table 1).
Discussion
By themselves, the results of Experiment 1 would appear to
support the view that the spatial representation of tactile
stimuli is primarily based upon an abstract coordinate sys-

75
50
25

600

0
Congruent Incongruent

RTs

800

600

Errors

700

1000

900

du

800

100

ud

Reaction time (ms)

Reaction time (ms)

Palm-up

900

500

RTs

100
RTs

-25
Congruent Incongruent

1000

500

Errors (%)

75

800

500

Left hand

Errors

Errors (%)

Reaction time (ms)

Palm-down

900

1000

dd

900

Errors

uu

100
75

800
50
700
600
500

Errors (%)

100
RTs

Reaction time (ms)

1000

Errors (%)

Palm-down

25
0
Congruent Incongruent

tem, one that lies beyond a purely somatotopic representation. The results of the respond-to-elevation condition
closely replicated those obtained previously by Soto-Faraco
et al. (2004): that is, the spatial congruency eVect between
the target and distractor was determined by externally based
coordinates, regardless of the speciWc posture adopted. This
result is consistent with the view that when a participant’s
task is deWned in terms of external locations, tactile events
are coded in an externally- or body-part centered coordinate
system. Perhaps more strikingly, the results of the respondto-digit condition show that this externally based organization remains in place even when the participant’s task
explicitly requires them to make a response (i.e., Wnger vs.
thumb) that is based on anatomically deWned coordinates
(i.e., the frame of reference that would correspond to the initial encoding of tactile space in primary somatosensory cortex). Participants tested in the respond-to-digit condition
were speciWcally instructed to respond to the digit receiving
the target vibration and yet, across all of the postures
adopted, they invariably exhibited a robust interference (or
congruency eVect, slowing their reactions and making them
more prone to error) from distractors presented at diVerent
elevations regardless of whether the actual digits receiving
the target and the distractor were the same or not. The
results of Experiment 1 would therefore appear to suggest
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Experiment 2

Table 1 Summary of results

Digit
(anatomical)

Right hand

Right hand

Left hand

Elevation
(external)

d

176 ms
(23%)

183 ms
(22%)

247 ms
(36%)

u

152 ms
(23%)

184 ms
(24%)

-131 ms 267 ms
(-33%)
(33%)

Left hand

E1: Foot
response
E2: Verbal
response

Response effector

Task

-165 ms
(-31%)

d

131 ms
(30%)

75 ms
(28%)

129 ms
(29%)

15 ms
(22%)

u

62 ms
(27%)

97 ms
(29%)

31 ms
(20%)

88 ms
(29%)

Note: mean congruency eVects (congruent minus incongruent diVerence scores) for the RT and error data (in parenthesis) in Experiments
1 and 2. Task refers to the type of response required (top vs. bottom in
the respond-to-elevation condition, or Wnger vs. thumb in the respondto-digit condition), and response eVector refers to the mode in which
participants were to indicate their responses (toe vs. heel footpedal response in Experiment 1, and verbal response in Experiment 2). For
each of the four inset tables the left hand orientation is depicted in the
columns (d means palm-down and u means palm-up) while the right
hand orientation diVers between rows

that the spatial representation of tactile events relevant to
participants’ performance in the present task was based on
an abstract frame of reference, one resulting from the multisensory binding of somatosensory and proprioceptive/visual
information regarding limb position.
Nevertheless, an important question arising from the
results of Experiment 1 is the role played by the particular
stimulus-response mapping adopted by participants to perform the task. In particular, one could argue that the putatively automatic encoding of tactile location in terms of
abstract (possibly external) coordinates observed in our Wrst
experiment could have been induced (or reinforced) by the
type of response that our participants had to make. In particular, the fact that participants responded by lifting their
foot oV of one of two footpedals (one under the toes and the
other under the heel of the dominant foot) could by itself be
argued to have induced the adoption of an abstract spatial
code mapping toe with front, or with top, and heel with
back or bottom (see, for example, Austen et al. 2003). We
therefore thought it important in our second experiment to
address whether the externally based encoding of tactile
stimulation found across the two diVerent tasks performed
by participants in Experiment 1 would still persist even
when the participants had to respond in a manner that did
not involve the execution of any such spatial responses as,
for example, is the case when participants indicate their
response verbally.
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Methods
Participants
Sixteen new participants (seven women; age range 19–
26 years; M = 21 years) were recruited to take part in this
experiment. They were all naïve as to the purpose of the
study, and 14 were right-handed (two left-handed) by selfreport. All reported normal tactile sensitivity and normal or
corrected-to-normal vision. They were given a Wve pound
(UK Sterling) gift-voucher in return for their participation.
Apparatus, materials, design, and procedure
These were identical to those used in Experiment 1 with the
sole exception that the participants now responded verbally,
with the responses ‘up’ vs. ‘down’ in the respond-to-elevation task condition, and the verbal responses ‘Wnger’ vs.
‘thumb’ in the respond-to-digit condition. Vocal response
latencies were registered using a ProSound unidirectional
microphone connected through a custom-made voice key to
a computer running E-Prime (Psychology Software Tools,
Inc., Pittsburgh, PA). To ensure an accurate classiWcation
of the responses given by the participants, the experimenter
logged each response manually via the computer keyboard
(‘up,’ ‘down,’ ‘Wnger,’ or ‘thumb’). These data were used
to determine the accuracy of participants’ vocal response
(and to provide appropriate feedback, as in Experiment 1).
Results
The RT and accuracy data were submitted to separate
ANOVAs, with task (respond to digit vs. respond to elevation) as a between-participants factor and with congruency
(congruent vs. incongruent) and posture (dd, uu, du, and
ud) as the within-participants factors. The analysis of the
RT data revealed signiWcant main eVects of congruency
[F(1,13) = 17.97; P < 0.001] and a signiWcant interaction
between posture and congruency [F(3,39) = 7.37;
P < 0.001]. None of the other main eVects or interactions
was signiWcant (see Figs. 4, 5; note that, for consistency
with Experiment 1, the respond-to-elevation and respondto-digit groups are represented on separate graphs). A
ScheVe’ post-hoc test on the interaction between posture
and congruence showed that the congruency eVect was signiWcant for the dd posture (P < 0.0001) and for the uu posture (P < 0.0001), but not for any of the other postures (all
Ps > 0.05).
The analysis of the error data revealed a very similar pattern of results (Fig. 6). That is, there was a signiWcant main
eVect of Congruency [F(1,13) = 118.29, P < 0.0001], with
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Fig. 4 Results of the respondto-elevation group of Experiment 2 (bars represent mean
RTs and lines represent mean
percentage of errors) averaged
over participants (error bars
represent the standard errors of
the means). Results are shown
separately for each posture
adopted (see the inset conditions
labels in each graph). Congruency is shown as a function of
the external location of the
stimuli (i.e., in terms of the
task-relevant dimension)
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participants responding more accurately on the congruent
trials than on the incongruent trials. The main eVect of posture was also signiWcant [F(1,39) = 5.29; P < 0.01]. The
interaction between Posture and Congruency was borderline signiWcant [F(3,39) = 2.70; P = 0.058]. A post-hoc
ScheVe’ test on this interaction revealed a signiWcant eVect
of congruency for the all of the postures (all Ps < 0.0001).
Discussion
In Experiment 2, the participants made spatial judgments
regarding the location (in either external or anatomical
coordinates) of vibrotactile targets while attempting to
ignore the position of irrelevant vibrotactile distractors.
This task was the same as the one used in Experiment 1,
with the sole exception that participants now indicated their
responses verbally, rather than by using the (spatial) toe/
heel footpedal response. Rather surprisingly, this simple
change in the response eVector resulted in a substantial
alteration in the pattern of results that were observed. While
the congruency relationships appeared to remain completely anchored to external locations in Experiment 1,
regardless of whether the participants had to respond to the
elevation of the target or to the identity of the digit stimu-
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lated, this trend was almost completely eliminated in
Experiment 2. Instead, the congruency eVects exhibited
more of a tendency to follow the frame of reference that
was speciWcally relevant to the particular task that the participants had to perform (external in the elevation task, and
both external and anatomical in the digit task).
The results of Experiment 2 therefore suggest that the
use of a spatial toe vs. heel response in Experiment 1 may
have resulted in participants adopting an abstract spatial
code that inXuenced the way in which the tactile stimuli
were coded in both tasks (report elevation and report
digit). A similar modulation of performance by response
set has also been observed in several previous studies
that have investigated people’s performance in tactile
temporal order judgment (TOJ) tasks when two tactile
stimuli are presented, one to either hand. These studies
have typically highlighted a dramatic decrease in sensitivity (measured as an increase in the just noticeable
diVerence or JND) when the hands are crossed over the
body midline (e.g., Azañón and Soto-Faraco 2007; Kóbor
et al. 2006; Röder et al. 2004; Shore et al. 2002; Yamamoto and Kitazawa 2002). Indeed, this crossed-hands deWcit is most apparent when the participant’s task implies
some kind of left–right response mapping (responding
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Fig. 5 Results of the respondto-digit group of Experiment 2
(bars represent mean RTs and
lines represent the mean percentage of errors) averaged over participants (error bars represent
the standard errors of the
means). The results are shown
separately for each posture
adopted (see the inset conditions
labels in each graph). Congruency is shown as a function of
the anatomical location of the
stimuli (i.e., in terms of the taskrelevant dimension)
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with the left and right Wngers, feet, or using lateral eyegaze; see also Groh and Sparks 1996). The eVect is
greatly reduced if the response code is orthogonal to the
left–right dimension (i.e., top–bottom, i.e., Roberts and
Humphreys 2006; Shore et al. 2006), and disappears
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Fig. 6 Relative magnitude of
the congruency eVects reported
in Experiment 2 in terms of (a)
RTs and (b) error rates. The data
are shown separately as a function of task (gray bars correspond to the respond-toelevation group and white bars
to the respond-to-digit group)
and hand orientation (diVerent
includes the du and ud postures,
while same includes the dd and
uu postures)
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almost completely when participants are asked to
indicate whether the two tactile events were presented
simultaneously or successively (e.g., Axelrod et al. 1968;
GeVen et al. 2000), rather than which side came Wrst/
second.
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Experiment 3
In Experiment 2, we showed that an important part of the
spatial congruency eVect that was reported in Experiment 1
resided in the particular mapping of responses to eVectors
that participants had to adopt to perform the task. However,
the net congruency eVect itself was still signiWcant in both
experiments. Such congruency eVects have often been
interpreted as reXecting a failure to selectively attend to the
information presented to one hand while ignoring the information presented to the other hand (e.g., Soto-Faraco et al.
2004; Spence and Walton 2005; Spence et al. 2000, 2004a, b).
Nevertheless, it is important to note that this very eVect
might also be rooted, at least in part, in the fact that the spatial response evoked by the distractor is either congruent or
incongruent, for there is actually no need for participants to
determine which hand the target was presented to on the
congruent trials, since both the target and distractor are
associated with the same response. By contrast, on the
incongruent trials, the participants had to determine which
hand received the target to respond appropriately (given
that the target and distractor are associated with opposing
responses). It is perhaps worth noting here that Soto-Faraco
et al. (2004; Experiment 2) obtained a signiWcant congruency eVect even when the target (and hence also the distractor) hand was Wxed throughout each block of trials (so that
participants knew in advance which hand would receive the
target). Nevertheless, even though signiWcant intramodal
tactile congruency eVects were still observed, they were
somewhat reduced in magnitude as compared to those
reported in those experiments where the target and distractor side varied unpredictably on a trial-by-trial basis (such
as Experiments 1 and 2 in the present report).
In our third and Wnal experiment, we addressed the
potential source of the intramodal tactile congruency eVect
by using a 4-AFC task (in which the participants had to
respond by pressing down with the Wnger that received the
target vibration) where the responses evoked by target and
distractors were always diVerent. If signiWcant congruency
eVects are still observed under such conditions, it would
indicate a tendency to encode the elevation of the stimuli
even when neither the task nor the responses necessarily
evoke any reference to elevation.
Methods
Participants
Ten participants (six women and four men; age range
20–34 years; M = 23.7 years; nine right-handed) were
recruited to take part in this experiment. None had taken
part in either of the previous experiments and all were naïve
as to the purpose of the study. All of the participants
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reported normal tactile sensitivity and normal or correctedto-normal vision. They were given a Wve pound (UK Sterling) gift-voucher in return for their participation.
Apparatus, materials, design, and procedure
These were identical to Experiment 1 with the following
exceptions: the four tactile stimulators were now mounted
on a vertical wooden support rather than on two separate
foam cubes. The vertical distance between the two tactors
on each side of the setup was the same as in the previous
experiments. The tactors on either side were separated by
40 cm. A response button was mounted beside each vibrotactile stimulator and adjacent to each of the four digits
(index Wnger and thumb of both hands) that could potentially receive each target. The four vibrotactile stimulators
were isolated from the rest of the setup by means of covering their entire surface with foam except for the one surface
where the participant’s Wngers rested. This minimized the
diVusion of any vibration across the setup. The participants
had to localize each target vibration by pressing the spatially adjacent button, while ignoring the distractors presented to one of the two digits of the opposite hand (see
Fig. 7).
The experimental session consisted of four blocks of 128
randomly presented trials, giving rise to a total of 512 trials.
Prior to the start of each block, the participants were
instructed to adopt one of the four postures (dd, uu, ud, or
du; order randomized), just as in Experiments 1 and 2.
Results and discussion
The analysis of the RT data did not reveal any signiWcant
eVects {Posture [F(3,27) < 1]; Congruency [F(1,9) = 1.08];
Posture by Congruency [F(3,27) < 1]}. The analysis of the
error data did, however, reveal that the participants
responded signiWcantly more accurately on congruent trials
(M = 37.2% errors) than on the incongruent trials
(M = 40.7% errors) overall [F(1,9) = 5.14, P < 0.05] (see
Fig. 8). However, neither the main factor of Posture
[F(3,27) < 1] nor the interaction between Congruency and
Posture [F(3,27) < 1] was signiWcant.
The task manipulation utilized in Experiment 3 eliminated any explicit remapping of the stimuli in terms of the
top/bottom dimension; therefore, the congruency eVect
found in the analysis of the data is somewhat surprising.
Indeed, this Wnding suggests that the congruency eVects
obtained in Experiments 1 and 2 were, at least in part,
related to the spatial representation used to encode the tactile events, and not solely attributable to eVects present at
the output stage. Note, however, that the congruency eVect
reported in Experiment 3 is far weaker than that reported in
either Experiment 1 or 2. It is therefore likely that the
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diYculty in localizing the tactile stimuli under the particular conditions of stimulus presentation utilized in our Wnal
experiment or to the speciWc response procedures used
(four alternative choice response). Given that the major
changes in Experiment 3 relate to the modality of response
rather than to the conditions of stimulus presentation (note
however that in Experiment 3 the vibrators were placed on
a Wxed frame rather than on hand-hold foam cubes), it
would appear that the latter explanation is more likely.
However, it would certainly be of interest in future research
to further investigate the nature of the apparent diVerence in
task diYculty (perhaps by using signal detection theory to
discriminate more perceptual factors from response bias
eVects; cf. Gallace et al. 2006b).

General discussion

Fig. 7 The set-up used in Experiment 3, where participants had to respond by pressing a button with the Wnger that received the vibrotactile
stimulation (4-AFC task). The participant’s posture shown in the picture is both hands palm down (dd)

eVects at the output stage had a signiWcant inXuence on performance in addition to any failure at the stage of spatial
selection. This result is relevant for understanding the
nature of the eVects observed in Experiments 1 and 2 and
also to put into perspective the results of previous studies
that have used similar bimanual congruency tasks (see
Soto-Faraco et al. 2004). They may also be relevant to further understand similar congruency results reported in other
crossmodal situations, although it should be noted that the
magnitude of the eVects reported in the crossmodal case are
usually much larger and thus one should be careful not to
overgeneralize (Spence and Walton 2005; Spence et al.
2000, 2004a, b). Nevertheless, the critical result is that
although much smaller than observed previously, the
spatial congruency eVect observed in the intramodal tactile
distractor interference task (taken to suggest the automatic
involvement of a space-based neural representation in the
processing of tactile stimuli) was once again observed in
our Wnal experiment.
It is worth noting that the error rates in Experiment 3
were higher than those reported in Experiments 1 and 2.
One might wonder if this apparent increase in task diYculty
in Experiment 3 should be attributed to the participants’
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A growing body of empirical research now shows that tactile events are often remapped in terms of an abstract coordinate system (externally based, or body-part-based), and
consequently somatic sensations are referred initially to
spatial locations and not to the anatomical site of stimulation (e.g., Azañón and Soto-Faraco 2008; Gallace and
Spence 2005, 2008; Kitazawa 2002). The main question
addressed in the present study was whether this remapping
of tactile information reXects a Xexible adaptation to the
particular demands of the behavioral situation (i.e., to the
speciWc task being performed), or whether instead it reXects
a mandatory, automatic, process. Our results indicate an
important degree of Xexibility, wherein the nature of the
task aVects the degree to which the abstract coding of stimulus location inXuences a participant’s responses, yet they
also indicate the presence of some component of automatic
remapping, which produces a persisting (albeit reduced)
spatial congruency eVect even after removing any stimulusresponse spatial compatibility relationships.
It is worth noting here that the role of spatial factors on
the representation of tactile information has also been studied by researchers using raised line representations of tactile information. For example, in one study, Millar and Al
Attar (2004) provided diVerent kinds of spatial cues while
their participants had to memorize haptically presented
raised line maps. They reported that disrupting any bodycentered reference to the locations on the map (i.e., by
changing the orientation of the map with respect to the participant’s body between the encoding and test phases of the
experiment) increased the number of recall errors that they
made. By contrast, adding external reference cues, by asking participants to use a surrounding frame of reference,
when body-centered reference was disrupted (again by
means of a change in the orientation of the map), resulted in
performance returning to the same level of accuracy as that
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Fig. 8 Results of Experiment 3
using the 4-AFC task (bars
represent mean RTs and lines
represent mean percentage of
errors) averaged over
participants (error bars
represent the standard errors
of the means). The results are
shown separately for each
posture adopted (see the inset
conditions labels in each graph).
Congruency is shown as a
function of the external location
of the stimuli
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found in the ‘no rotation’ (baseline) condition. Millar and
Al-Attar concluded that external and body-centered reference cues may have independent and additive eVects on the
representation of haptic information. That is, spatial factors
(as mediated by diVerent frames of reference) seem to play
a very important role in the representation of tactile stimuli
(see also Millar 1994; Millar and Al-Attar 2003). Our
results would seem to conWrm the plasticity of the code
used to represent tactile stimuli as suggested previously by
Millar and Al-Attar. By contrast, the present results appear
to argue against the view that the way in which people represent tactile information is hard-wired in the brain and
based on a single frame of reference (e.g., Natsoulas and
Dubanoski 1964; Parsons and Shimojo 1987; see also Corcoran 1977; OldWeld and Phillips 1983, for discussion on
this point).
The results of Experiment 1 were seemingly consistent
with the claim that any tactile event that is presented on the
skin will be transformed into an abstract frame of reference
that is referred to a position in external space, even when
the task requires a behavioral reaction based on the anatomically deWned location (i.e., on somatotopic coding). However, as revealed by the results of Experiment 2, this type of
encoding is actually dependent on the particular eVectors
used by participants to respond, as it was considerably
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attenuated when the motor response was not spatial (i.e.,
when participants responded verbally). Finally, the results
of Experiment 3 led to a further qualiWcation with regard to
the nature of the intramodal tactile spatial congruency
eVect. In particular, the results showed that this eVect arose
from two diVerent sources; the selection and representation
of the stimuli on the basis of a speciWc spatial frame of reference, and a distractor-response compatibility eVect
(namely, the fact that the target and the distractor could also
be mapped onto diVerent response buttons when spatially
congruent). The distractor-response compatibility eVect can
be characterized as an output eVect, one that does not necessarily speak directly to the way in which stimuli are perceptually encoded (e.g., Kornblum et al. 1990). By contrast,
the selection of an appropriate frame of reference for the
representation of the tactile stimuli appears to be related to
relatively earlier stages of information processing.
Localizing tactile events in space involves multisensory
integration
Taken together, the results of the three experiments
reported in the present study clearly place an important
caveat on Kitazawa’s previous claims that tactile stimuli/
events presented to the skin are always referred to external
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spatial locations (or that a representation of tactile stimuli
that is always based on external frame of reference will
necessarily be used for a participant’s response; see especially Kitazawa 2002). As discussed in the Introduction,
there are several previous Wndings that seemingly support a
somatotopically based frame of reference for the encoding
of tactile events under certain conditions of stimulus presentation (Evans and Craig 1991; Evans et al. 1992; Röder
et al. 2002). Our results also support these claims by showing that the speciWc frames of reference used by participants for their responses may vary as a function of the
demands of the task and that the spatial information regarding the stimuli presented might be simultaneously computed on the basis of diVerent frame of references (see also
Azañón and Soto-Faraco 2008).
The role of response mapping
Given that radical changes in the task-relevant feature (elevation in external space vs. anatomical location) seemed to
exert little inXuence on the frame of reference adopted by the
participants in Experiment 1, one might have thought that the
actual eVector used to respond might also play a minor role
(cf. Spence and McDonald 2004). Yet comparison of the
results of Experiments 1 and 2 suggests that one of the factors exerting a profound inXuence on the way in which our
brain selects the appropriate frame of reference for responding to tactile stimulation depends on the nature of the actions
used to respond to those events. Several cases have already
been discussed in which dramatic and robust phenomena can
vanish completely as a function of the task or response eVector used (see the discussion of the results of Experiment 2;
Graziano et al. 2004; cf. Andersen 1995; Cohen et al. 1994;
Gottlieb et al. 1998; Pouget and Sejnowski 2001).
However, it is crucial to stress that some evidence for a
role of an externally based frame of reference was still
found under conditions where these potential correspondences in response-mapping were bypassed by the use of
verbal responding (Experiment 2) or the 4-AFC task
(Experiment 3). This suggests that the mapping of tactile
events is not purely somatotopic, but that it is inXuenced to
some degree by an abstract spatial code, albeit in an attenuated form. Similar cases in which the data is consistent with
the remapping of the stimuli on diVerent representations of
space during cross-modal tasks have been reported previously in a number of studies ranging from human psychophysics (e.g., Azañón and Soto-Faraco 2008; Röder et al.
2002; Spence et al. 2003; Spence and Walton 2005), to animal electrophysiology (e.g., Cohen and Andersen 2000;
Duhamel et al. 1997; Jay and Sparks 1987) and computational models (Pouget et al. 2002).
One should also consider the possibility that the results
obtained in the experiments reported here are somehow
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speciWc to the particular part of the body where the stimuli
were presented (i.e., the Wngertips). Indeed, given that we
often use our hands to perceive tactile information, the
selection of the correct representation to be used to respond
to the stimuli presented at that location might be more Xexible than that of the stimuli presented on other regions of
the body surface (or more spatial representation of the stimuli presented are available to be selected for a participant’s
response; see Schicke and Röder 2006). It would be interesting in future research to investigate the mapping of tactile stimuli when presented across diVerent regions of the
skin surface as a function of diVerent response requirements (cf. Gallace et al. 2006a, 2007, 2008).
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