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a b s t r a c t

Multisensory peripersonal space develops in a maturational process that is thought to be influenced by
early sensory experience. We investigated the role of vision in the effective development of audiotactile
interactions in peripersonal space. Early blind (EB), late blind (LB) and sighted control (SC) participants
were asked to lateralize auditory, tactile and audiotactile stimuli. The experiment was conducted with
the hands uncrossed or crossed over the body midline in order to alter the relationship between personal
and peripersonal spatial representations. First, we observed that the crossed posture results in a greater
detrimental effect for tactile performance in sighted subjects but a greater deficit in auditory performance
in early blind ones. This result is interpreted as evidence for a visually driven developmental process
that automatically remaps tactile and proprioceptive spatial representation into an external framework.
Second, we demonstrate that improved reaction times observed in the bimodal conditions in SC and
LB exceeds that predicted by probability summation in both conditions of postures, indicating neural
omatosensory

edundant signal effect (RSE) integration of different sensory information. In EB, nonlinear summation was obtained in the uncrossed
but not in the crossed posture. We argue that the default use of an anatomically anchored reference system
in EB prevents effective audiotactile interactions in the crossed posture due to the poorly aligned spatial
coordinates of these two modalities in such conditions. Altogether, these results provide compelling
evidence for the critical role of early vision in the development of multisensory perception and action

ace.
control in peripersonal sp

. Introduction

The world around us is made up of events that generally stim-
late more than one modality simultaneously, and the neural

ntegration of these different sensory signals offers many bene-
ts, including enhanced discrimination and accelerated reaction to
bjects (Spence & Driver, 2004; Stein & Meredith, 1993). For exam-
le, when acting in peripersonal space, that is, the reachable region

mmediately surrounding the body (Rizzolatti, Fadiga, Fogassi, &
allese, 1997), individuals can integrate touch with auditory and
isual information in order to strengthen their perception of a mul-
isensory event. However, although we do this intuitively in daily
ife, it remains a non-trivial problem because the brain must con-

tantly recalibrate the representation of the location of the object
cquired in external coordinates (i.e., vision and audition) with the
nternal representation of the object position relative to the body
Holmes, Sanabria, Calvert, & Spence, 2006; Maravita, Spence, &
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Driver, 2003). This is particularly critical because the hands move
constantly within the peripersonal space as different postures are
adopted. Recent studies have suggested that the spatial frames of
reference used by our distal senses and the sensory information
about our body are aligned because the brain automatically remaps
touch and proprioception into extrapersonal coordinates (Azanon
& Soto-Faraco, 2008; Kitazawa, 2002; Pavani, Spence, & Driver,
2000; Shore, Spry, & Spence, 2002; Yamamoto & Kitazawa, 2001).
This automatic remapping from somatotopic to external space is
thought to provide a common framework to coordinate and inte-
grate spatial information obtained through touch with spatial infor-
mation obtained through other sensory modalities, such as vision
and audition, which is coded by default in external spatial coor-
dinates (Eimer, Cockburn, Smedley, & Driver, 2001; Lloyd, Merat,
McGlone, & Spence, 2003; Maravita et al., 2003; Sanabria, Soto-
Faraco & Spence, 2005; Soto-Faraco, Spence & Kingstone, 2004).

A recent developmental study suggested that this default use of
external coordinates for touch and proprioception develops dur-

ing early infancy (Bremner, Mareschal, Lloyd-Fox, & Spence, 2008),
by demonstrating that infants first represent body parts in their
normal or typical locations and later develop mechanisms that
dynamically remap representations of limb positions with respect
to visual and external space (see Bremner, Holmes, & Spence, 2008,

http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:olivier.collignon@umontreal.ca
dx.doi.org/10.1016/j.neuropsychologia.2009.07.025
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or an extended discussion). Recent experiments with blind people
ave suggested that the default localization of touch and propri-
ception in external space is in fact dependent on early visual
xperience (Röder, Rosler, & Spence, 2004; Röder et al., 2007; Röder,
ocker, Hotting, & Spence, 2008). Röder et al. (2004) demonstrated
hat when participants were required to determine the temporal
rder of two tactile stimuli, one applied to either hand, sighted
nd late blind subjects’ performance was impaired in a crossed
hen compared to an uncrossed-hand posture but performance

f early blind participants remained unchanged across postures
hanges. The authors argued that the automatic external remap-
ing of touch in sighted and late blind induces a conflict between
xternal and body-centred coordinates which indeed decreases
erformance. However, in the early blind, an absence of the exter-
alisation process of touch protects them from the detrimental
ffect of the crossed-hand posture. This explanation was supported
y an electroencephalographic study showing that the detection of
eviant tactile stimuli at the hand induced event-related poten-
ials that varied in crossed when compared to uncrossed condition
f posture in sighted subjects, whereas changing the posture of
he hand had no influence on the early blind subjects’ brain activity
Röder et al., 2008). Another recent study also reported that sighted
ubjects profit from the use of an external reference frame when
he sound source and the external location of the hand have to be

atched whereas this was not the case in congenitally blind peo-
le (Röder, Kusmierek, Spence, & Schicke, 2007). These results thus
emonstrate that the default remapping of touch/proprioception

nto external coordinates is acquired during development as a con-
equence of visual input.

However, an important question which remains open is how
his absence of default localization of touch and proprioception
n external space in the early blind affects the construction of a
ommon spatial framework for audiotactile stimulus integration.
n the present study, we decided to use a crossed-hands paradigm
uring the lateralization of auditory, tactile and audiotactile stim-
li to determine whether the absence of an automatic external
emapping of touch and proprioception impairs their ability to use
common “external” spatial frame of reference for the integration
f auditory and tactile stimuli across postural changes.

In multisensory paradigms, responses are usually faster when
he two stimuli from separate modalities are presented at the same
ime than when a single target stimulus is presented in isolation
Stein & Meredith, 1993). Raab (1962) proposed an explanation of
his redundant-target effect, called the race model, in which the
edundant-target stimulus response is initiated by the faster of
he two separate target detection processes. Thus, faster reaction
imes (RTs) obtained in bimodal situations occur simply because
he two unimodal stimuli set up a “race” for response control, in
hich the faster process wins. In other words, there is no need

o postulate neural interaction between the two stimuli. Thus,
his “race model inequality” assumes that each sensory modality
s detected separately and processed in parallel and one of them
s faster than the other (i.e., the inequality). On the other hand, if
Ts obtained in bimodal condition are faster than those predicted
y the race model, it is supposed that information from the two
ensory modalities interacts to produce the RTs facilitation. Miller
1982) developed the “co-activation model” and provided a method
or testing this “race model violation”. Testing for the violation of
ace model inequality (i.e., faster RT than the fastest unimodal
esponse) has recently emerged as a method to assess whether the
edundant-target effect (faster RTs in bimodal condition) reflects a

rue multisensory integrative process or not (Hecht, Reiner, & Karni,
008; Murray et al., 2005; Neil, Chee-Ruiter, Scheier, Lewkowicz, &
himojo, 2006; Zampini, Torresan, Spence, & Murray, 2007).

Our hypothesis is that the use of an anatomically anchored ref-
rence system for touch and proprioception in subjects visually
ogia 47 (2009) 3236–3243 3237

deprived since birth will impair their ability to integrate audiotac-
tile information across postural changes (assessed by an absence of
violation of the RACE model inequality).

2. Methods

2.1. Subjects

One group of sighted and two groups of blind individuals (early blind and late
blind) participated in the study. The sighted control group (SC) was composed of 12
adults (3 females) ranging in age from 28 to 56 years with a mean age of 43 years
(SD = 10). The early-onset blind group was composed of 10 subjects (2 females) rang-
ing in age from 26 to 56 years with a mean age of 40 years (SD = 10). None of the early
blind subjects had ever had functional vision allowing pattern recognition or visually
guided behavior. The late-onset blind group was composed of 11 subjects (4 females)
ranging in age from 24 to 60 years with a mean age of 44 years (SD = 9). Unlike the
early blind group, all subjects in the late blind group had experienced functional
vision before sight loss, which allowed them to recognize visual shapes and read
printed letters, for instance. The mean age of blindness onset in the late blind group
was 17 years (range: 8–27 years) and the mean duration of blindness before par-
ticipating in the study was 25 years (range: 13–46 years). At the time of testing,
the subjects in both blind groups were totally blind or else had only rudimentary
sensitivity for brightness differences and no pattern vision. In all cases, blindness
was attributed to peripheral deficits with no additional neurological problems (see
Table 1 for details). Note that there is no statistical age difference between the three
subject groups [EB vs. SC: t(20) = .93, p = .86; EB vs. LB: t(19) = −.99, p = .33; SC vs.
LB: t(21) = −.16, p = .86]. All test procedures were approved by the Research Ethics
Boards of the Centre for Interdisciplinary Research in Rehabilitation of Greater Mon-
treal (CRIR) and the Université de Montréal. Experiments were undertaken with the
understanding and written consent of each subject. None of the subjects reported
neurological or psychological problems, and none was taking psychotropic medi-
cation at the time of testing. Audiometric thresholds were assessed for all subjects,
indicating normal hearing function in both ears. All subjects reported normal tactile
perception.

2.2. Stimuli

Tactile stimuli were trains of five 1 ms biphasic square wave pulses delivered
every 25 ms (40 Hz for 100 ms). Electrical stimuli were applied to the skin using
disposable ring electrodes (Nicolet Biomedical, Madison, USA) placed around the
proximal and distal interphalangeal joints of the middle finger of each hand. Stimuli
were generated using a Grass S88 dual output stimulator connected to each hand
through a PSIU6 isolation unit (Grass, Astro-Med, West Warwick, USA). Due to the
very large inter-individual and inter-manual (at the individual level) differences
in sensitivity to tactile stimuli, we calibrated stimulus intensity for each hand in
order to obtain the most prominent but nonetheless comfortable and not painful
sensation. Stimulations were then adjusted between the hands to equate perceived
left and right intensity. No between-group differences (using t-tests) were observed
for the stimuli intensity used [mixed mean for both hands and SD: SC = 23 V (11);
EB = 17 V (12); LB = 24 V (11)], reinforcing the idea that ability differences between
blind and sighted subjects are more likely to manifest themselves in higher order
cognitive tasks than in more basic sensory threshold measurements (Collignon,
Renier, Bruyer, Tranduy, & Veraart, 2006).

Auditory stimuli consisted of 100 ms duration pink noise bursts (90% normalized
peak value, plateau time 90 ms, rise/fall time 5 ms) produced with Adobe Audition
2.0 (Adobe Systems Inc.) delivered to either the left or right hemispace via stereo
speakers (Gigaworks T20, Creative Technology Ltd., USA). For all subjects, stimulus
intensity was set at 75 db-SPL in both channels, that is, at least 40 db-SPL above
threshold for all subjects.

Bimodal stimuli were obtained by simultaneously presenting auditory and tac-
tile stimuli. The matching was always “congruent,” with auditory and tactile stimuli
delivered from the same external hemispace.

2.3. Procedure

During testing, subjects sat in a silent room with the head restrained by a chin
rest. All subjects were blindfolded during testing. Stimuli were delivered and reac-
tion times were recorded using Presentation software (Neurobehavioral Systems
Inc.) running on a Dell XPS computer using a Windows XP operating system. Sub-
jects’ hands were placed 30 cm in front of the body, palm side down, 25 cm away
from the body midline in the left and right hemispaces. Speakers were placed imme-
diately beside the subject’s hands, also 25 cm to either side of the body midline (see
Fig. 1 for a schematic diagram of the experimental setup).

Subjects were asked to lateralize auditory, tactile or audiotactile stimuli. Sub-

jects were instructed to respond as quickly and accurately as possible in a forced
two-choice discrimination paradigm by pressing the appropriate response key. Sub-
jects performed the task with their hands in either a parallel posture (uncrossed
posture) or with the arms crossed over the body midline so that the left hand was
in the right hemispace and the right hand was in the left hemispace (crossed pos-
ture). In the uncrossed posture, subjects were required to press the right button
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Table 1
Characteristics of blind subjects.

Subj. Age Sex Hand. Residual visual perception Onset Cause of blindness Education

EB1 50 M R No 2 months Medical accident High school
EB2 43 M R No 0 Glaucoma University
EB3 39 M R Diffuse light 0 Leber’s congenital amaurosis University
EB4 55 F R No 0 Retinopathy of prematurity High school
EB5 38 M R No 0 Detached retina High school
EB6 30 F R No 0 Bilateral Retinoblastoma High school
EB7 26 M R No 0 Leber’s congenital amaurosis University
EB8 30 M R No 2 years Bilateral retinoblastoma High School
EB9 46 M R No 0 Congenital Cataract University
EB10 40 M R No 0 Retinopathy of prematurity University

LB1 60 M R No 14 Cataract University
LB2 52 F R No 19 Glaucoma, Aniridia University
LB3 36 M L No 16 Glaucoma High school
LB4 52 F R Diffuse light 27 Retinitis pigmentosa High school
LB5 39 F R No 21 Glaucoma High school
LB6 41 M L No 15 Detached retina High school
LB7 28 M R No 15 Section of both optic nerves following accident High school
LB8 40 M R No 17 Section of both optic nerves following accident University
LB9 53 F L No 8 Detached retina following accident High school
LB10 42 M R No 23 Retinitis pigmentosa High school
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ote. M: male; F: female; R: right handed; L: left handed; A: ambidextrous. Hande
nd a modified version of the test in early blind subjects.

ith their right hand in response to any stimulus coming from the right side (right-
ided auditory stimuli and tactile stimulation of the right hand), and conversely for
eft-sided stimuli. In the crossed posture, subjects were required to press the right
utton with their left hand in response to any stimulus coming from the right side
right-sided auditory stimuli and tactile stimulation of the left hand), and conversely
or left-sided stimuli. In other words, participants press the button in front of the
uditory source or under the stimulated hand either in a crossed or uncrossed pos-
ure. A total of 300 stimuli were presented in each posture condition (uncrossed
r crossed) (2 [sides: left or right] × 3 [Condition: Auditory, Tactile, Bimodal] × 50
stimuli]), randomly presented with a mean interstimulus interval of 1950 ms (range
200–2700 ms). Trials for which subjects did not respond were considered as omis-
ions and were rejected. One block of approximately 10 min was used for each
osture, and order of posture conditions was counterbalanced across subjects. A
0-min pause was given between two blocks, and subjects completed 21 practice
rials before each block.

.4. Data analysis

Task performance was determined by measuring inverse efficiency (IE) scores
o take both response speed and accuracy into account. IE scores are obtained
y dividing response times (RT) (150–1000 ms post-stimulus) by correct response
ates separately for each condition (higher values indicate lower performance). This
tandard approach combining RT and accuracy performance measures controls for

ossible criterion shifts or speed-accuracy tradeoffs effects in the tasks (Collignon et
l., 2008; Röder et al., 2007; Spence, Kingstone, Shore, & Gazzaniga, 2001; Townsend

Ashby, 1978, Townsend & Ashby, 1983). IE scores were submitted to repeated
easures analysis of variance (ANOVA-RM). Based on significant F-values, Bonfer-

oni post hoc analyses were performed when appropriate. As similar results were
btained when submitting accuracy and RT measurements separately to the same

ig. 1. Schematic representation of the experimental setup (see Section 2.3 for details). S
ncrossed (A) or crossed (B) posture condition. In the uncrossed posture, subjects were r
oming from the right “external” side, and conversely for left-sided stimuli. In the crosse
esponse to any stimulus coming from the right “external” side, and conversely for left-si
Glaucoma University

was evaluated using the Edinburgh inventory (Oldfield, 1971) in sighted subjects

ANOVA, as described above, only the results obtained with IE scores are reported
here (accuracy and RT data are however illustrated in Supporting figure).

Race Model inequality was analyzed using RMITest software, which implements
the algorithm described at length in Ulrich, Miller, & Schroter (2007). This proce-
dure involves several steps. First, empirical cumulative density functions (CDFs) of
the reaction time distributions are estimated for every participant and every stimu-
lus condition (i.e., auditory alone, tactile alone and bimodal condition). Second, the
bounding sum of the two CDFs obtained in the two unimodal conditions (auditory
and tactile) are computed for each participant, thus providing an estimate for each
participant of the upper boundary for violation of the RACE model inequality. Third,
percentile values are calculated for every stimulus condition and bounding sum (the
bound) for each participant. In the present study, bin widths of 10% were used (e.g.
Martuzzi et al., 2007; Sperdin, Cappe, Foxe, & Murray, 2009), which gives a good
compromise between a sufficient number of bins to observe violation of the Race
Model inequality, and a too large number of bins which require a large number of
reaction times in each condition for the computation of the Race Model inequal-
ity. Fourth, for each percentile, a comparison between the bimodal condition and
the bound is carried out using a two-tailed t-test. If at any percentile one observes
significantly faster RTs in the bimodal condition relative to the bound, it can be
concluded that the race model cannot account for the facilitation in the redundant
signals condition, thus supporting a multisensory integration process.
3. Results

Performance (see Fig. 2) was analyzed by submitting inverse
efficiency (IE) scores (see Section 2.4) to a 3 [Group: EB, LB, SC;
between-subjects factor] × [2 (Posture: uncrossed or crossed) × 2

ubjects were asked to lateralize auditory, tactile and audiotactile stimuli in either
equired to press the right button with their right hand in response to any stimulus
d posture, subjects were required to press the right button with their left hand in
ded stimuli.
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Fig. 2. (A) Mean IE scores and standard errors in sighted (left panel), late blind (centre panel) and early blind (right panel) subjects obtained in uncrossed and crossed
postures in the tactile (blue diamonds), auditory (green squares) and bimodal (red triangles) conditions. IE scores were obtained by dividing RTs by correct response rates,
thereby eliminating potential speed-accuracy tradeoff effects in the data: the lower the score, the more efficient the performance (Spence et al., 2001; Röder et al., 2007).
Data acquired from both left and right stimulation were pooled, as no side effects were observed in the data (see Section 3 for details). EB significantly outperformed SC
except in auditory condition with hands crossed. Performances were better in bimodal than unimodal condition. We also observed a significant performance decrease in the
crossed posture, except for EB in tactile and bimodal condition. (B) In order to further highlight the detrimental crossed-hand effect, we subtracted IE scores obtained in the
uncrossed-posture condition from IE scores obtained in the crossed posture condition. Higher scores represent more disruption in subjects’ performance. It can be seen that
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B and SC show a reversed pattern of performance disruption between auditory an
hereas EB were more disrupted in audition than in touch. Performance decrease

eferences to color in this figure legend, the reader is referred to the web version of

Sides: left or right) × 3 (Condition: Auditory, Tactile, Bimodal);
ithin-subject factors] repeated measures ANOVA. For results

nterpretation, it is important to note that higher level of perfor-
ance is reflected by lower IE scores (see Fig. 2).
First, we obtained a main effect of the factor “Group”

F(2,30) = 3.9, p = .03], which showed that EB outperformed SC
p = .01). However, we did not observe significant differences in
erformance between EB and LB (p = .36) or between LB and SC
p = .7).

We also obtained a main effect of the factor “Posture”
F(1,30) = 42.19, p ≤ 10E−6], which showed an overall substan-
ial decrease in performance with hands crossed compared to
ncrossed.

Importantly, we observed a main effect of the factor “Con-
ition” [F(2,60) = 67.2, p ≤ 10E−6], demonstrating much better
erformance in bimodal stimulation condition than when present-

ng auditory (p ≤ 10E−6) or tactile (p ≤ 10E−6) stimuli alone. As
xpected, this result demonstrates overall better performance in
ultisensory situations. We also observed better performance in

udition than touch condition (p ≤ 10E−4).
Finally, we also obtained an interaction effect between the fac-

ors “Position,” “Condition,” and “Group” [F(4,60) = 4.4, p = .003].
ost hoc analyses revealed that the performances obtained in audi-
ory, tactile and bimodal condition were significantly lower in

rossed than uncrossed position in the SC and LB group (range
rom p = .01 to p ≤ 10E−6). However, in the EB group, although per-
ormance in auditory condition was significantly lower in crossed
han uncrossed posture (p ≤ 10E−6), there was no effect of posture
n tactile (p = .67) or bimodal condition (p = .15). Even if the per-
ile condition. SC were more disrupted in the tactile than in the auditory condition,
omparable between auditory and tactile tasks in the LB. (For interpretation of the
rticle.)

formance of EB also decreased in the crossed-hand posture in the
latter two conditions, the statistical analyses demonstrate that the
trend is not significant, and therefore the results suggest that the
effect of crossing the hands on tactile and multimodal stimuli is at
least as much less present for the EB than for the LB and SC.

To further investigate how crossing the hands affected perfor-
mance differently in the three groups, we subtracted IE scores
obtained in uncrossed posture from IE scores obtained in crossed
posture (see Fig. 2B). This “crossed-posture effect” index was then
submitted to a 3 (Group: EB, LB, SC; between-subjects factor) × 3
(Modalities: auditory, tactile, bimodal; within-subject factors)
repeated measures ANOVA. Results showed no main effect of the
factor “Group” [F(2,30) = .16, p = .84] or “Modalities” [F(2,60) = 2.22,
p = .12], but demonstrated a significant interaction effect between
the two factors [F(4,60) = 4.4, p = .003]. Post hoc analyses revealed
that crossing the hands in SC disrupted the lateralization of tactile
stimuli significantly more than auditory stimuli (p = .006), whereas
the reverse was found in EB, where the crossed posture had a more
detrimental effect on auditory than tactile performance (p = .003).
Note that, in LB, no differences were observed between the two
modalities (p = .62).

For all the above analyses, a results pattern similar to that found
for the IE scores was observed for both accuracy scores and RTs (see
Supporting figure).
To test for the presence of multisensory interactions in our RT
data, we investigated whether the gain obtained in bimodal con-
dition exceeded the statistical facilitation predicted by probability
summation using Miller’s race model of inequality [(Miller, 1982);
see Section 2.4 for details]. We observed significant violation of
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Table 2
Results of follow-up redundancy gain analysis and test for violation of race model inequality (Miller, 1982; Ulrich et al., 2007). T-tests were used to estimate in the three
groups of subjects whether the fastest 50% of the cumulative RT distributions in bimodal condition were significantly faster than the race model predictions of the redundancy
gain obtained when combining RTs recorded in both unimodal conditions, or the Bound (Miller, 1982). We found a statistically significant violation of race model inequality
in almost all groups in both posture conditions, except for EB in crossed posture.

Posture Group Auditory Tactile Bound Bimodal t-Value(df) p-Value

Uncrossed
SC 343 371 327 310 4,4(11) 0.001*

LB 289 324 275 259 4,69(10) 0.0009*

EB 259 291 247 235 2,75(9) 0.02*

Crossed
SC 400 439 384 372 2,8(11) 0.02*

LB 350 393 330 317 2,51(10) 0.03*

EB 310 332 288 277 1,57(9) 0.15 (ns)

T-tests were used to estimate in the three groups of subjects whether the fastest 50% of the cumulative RT distributions in bimodal condition were significantly faster than
t corde
s nditio

t
c
t
i
p
p
S
(
p
(
o
i
p
i
o
f
t
i
T
a
c

4

d
S
t
i
t
h
m
b
e
h
i
t
e
i
a
i
o
o
w
t
m
s
n

he race model predictions of the redundancy gain obtained when combining RTs re
ignificant violation of race model inequality in almost all groups in both posture co

* Asterisk refers to statistically significant values (p ≤ .05).

he race model prediction in the three groups in both posture
onditions, except for EB in the crossed posture (see Fig. 3). In
he uncrossed posture, the race model was significantly violated
n the three groups over the 10th (EB: p = .005; LB: p = .005; SC:
= .00008), 20th (EB: p = .002; LB: p = .006; SC: p = .0002), 30th (EB:
= .02; LB: p = .0009; SC: p = .001) and 40th (EB: p = .04; LB: p = .001;
C: p = .006) percentiles of the RT distribution and also at 50% in SC
p = .009) and LB (p = .03) and at 60% in SC (p = .04). In the crossed
osture, the race model was significantly violated over the 10th
p = .006), 20th (p = .004) and 30th (p = .02) percentiles in SC, and
ver the 20th (p = .03), 40th (p = .05) and 50th (p = .04) percentiles
n LB. No violation of the RACE model was found in EB in the crossed
osture (all p > .05). To further support these results while avoid-

ng multiple comparisons, we re-tested for race model violation in
ur data when 10–50% percentiles were pooled, representing the
astest 50% of the RT distribution. Here again, we found a statis-
ically significant violation of the race model in almost all groups
n both posture conditions, except for EB in crossed posture (see
able 2 for detailed statistics). These results demonstrate that the
uditory and tactile channels are independent in crossed posture
ondition in EB.

. Discussion

We first observed that the crossed-hand posture had an overall
etrimental effect on performance when stimuli were presented to
C and LB in auditory and tactile condition. In the auditory condi-
ion, this crossed-hand effect is thought to be caused by a disruption
n the spatial compatibility between the anatomical coordinates of
he responding hand and the external sound coordinates such that
emispheric correspondence is reversed (Röder et al., 2007; experi-
ent 2). In the tactile condition, this is thought to be due to a conflict

etween the internal (somatotopic) and external frames of refer-
nce for coding the tactile stimulus location because recent studies
ave demonstrated that tactile stimuli are automatically remapped

nto external coordinates beyond an initial somatotopic represen-
ation stage (Azanon & Soto-Faraco, 2008; Röder et al., 2004; Shore
t al., 2002; Yamamoto & Kitazawa, 2001). However, and of major
nterest, we observed that crossing the hands did not significantly
lter EB performance in tactile stimulus lateralization. This result
s in line with recent experiments indicating that the remapping
f tactile inputs into external coordinates occurs as a consequence
f visual input during ontogeny (Röder et al., 2004, 2008). In other

ords, we believe that the absence of a crossed-hand effect in our

actile lateralization task in EB is attributable to the lack of auto-
atic external remapping of touch in this population, which would

hield them from the detrimental effect of a conflict between inter-
al and external coordinates in the crossed-hand posture.
d in both unimodal conditions, or the Bound (Miller, 1982). We found a statistically
ns, except for EB in crossed posture.

When further analyzing the detrimental crossed-hand effect, we
observed a reversed pattern across modalities between SC and EB,
with more impairment for tactile than auditory lateralization in
SC and more impairment for auditory than tactile lateralization
in EB (see Fig. 2B). As discussed above, when EB lateralize tac-
tile stimuli in a crossed posture, the absence of automatic external
remapping of the hand position may prevent the conflict between
body-centred and external coordinates that is present in SC (Röder
et al., 2004). However, sound lateralization in a crossed position
requires an explicit matching of the external sound location with
the anatomical coordinate of the responding hand for sending the
correct motor command. We might therefore assume that because
EB do not use a default external frame of reference to code the
position of the responding hand, the conflict created by crossing
the hands is more disrupting in EB than in SC in the auditory con-
dition (Röder et al., 2007). Why the crossed-hand effect was more
severe for the lateralization of tactile than auditory stimuli in SC is
less clear. We may postulate that when SC receive and respond to a
touch on the hand, they have to carry out a two-step external coor-
dinate remapping process, once, when receiving the stimulus on
the hand (the sensor) and again when producing a response to the
stimulation (the effector). Performance decrement in the crossed
posture due to a mismatch between the external and anatomical
coordinates may therefore be caused by the two processing steps
in SC, making them particularly sensitive to a crossed-hand effect.

Our data also demonstrated an overall improvement of per-
formances in EB when compared to SC (see Fig. 2A). The usual
interpretation of this recurrent finding in the literature is that sen-
sory compensation in EB arises through an increased use of audition
and touch since early childhood in blind when compared to sighted,
which may improve their efficiency and trigger cerebral plasticity
in absence of visual inputs (Collignon et al., 2006; Forster, Eardley,
& Eimer, 2007; Goldreich & Kanics, 2003; Kujala, Lehtokoski, Alho,
Kekoni, & Naatanen, 1997; Röder et al., 1999). Another, though not
mutually exclusive explanation could be based upon the observa-
tion of the qualitative changes in the way EB process non-visual
spatial stimuli (Eimer, 2004). As discussed at length above, EB do
not use an external spatial reference system for sensory percep-
tion and action control (Röder et al., 2004, 2007) whereas SC do
it by default, even when the use of a modality-specific reference
frame would be sufficient to solve a particular task (Shore et al.,
2002; Yamamoto & Kitazawa, 2001). The fact that EB do not make
an automatic correspondence between a non-visual frame of refer-
ence and a visual one would thus contribute to a faster processing of

non-visual spatial information in cases where such correspondence
is not required to resolve the task. In fact, in the present study, the
only situation where performance of EB was not significantly supe-
rior to the one of SC is when auditory stimuli had to be lateralized
with the hands crossed (see Supporting Table 1), the only situation
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Fig. 3. Redundancy gain analysis and test for violation of race model inequality (Miller, 1982; Ulrich et al., 2007). Reaction times were obtained in either an uncrossed (left
panels) or crossed posture (right panels) in sighted controls, late blind and early blind subjects. The graphic represents the cumulative density functions of the reaction times
distribution obtained with congruent bimodal stimuli (red triangles) and their unisensory counterparts (tactile: black squares, auditory: grey diamonds) and the race model
bound (blue dots) estimated from the unisensory distributions. The bound is obtained by the summation of the cumulative density functions obtained in the two unimodal
conditions (auditory and tactile), thus providing an estimate of the upper bound for violation of the RACE model inequality. The X-axis refers to the percentiles of the reaction
t d (in t
b two-ta
v raction
o sion o

w
c
i
t
i

o
d
a

imes distribution and the Y-axis to the mean reaction times obtained or estimate
ound indicate race model violation and asterisks refer to statistical significance (
iolated over the fastest quantiles of the reaction time distribution, supporting inte
f the references to color in this figure legend, the reader is referred to the web ver

hich requires a voluntary remapping of hands position to effi-
iently resolve the task. It is thus sensible to assume that faster RTs
n EB may be related, at least to some extent, to the absence of a
ime-consuming remapping process of touch and proprioception

nto external coordinates.

Interestingly, as for the detrimental crossed-hand effect or the
verall performances in our tasks, LB demonstrated an interme-
iate pattern of performance between the scores obtained in SC
nd EB (see Fig. 2; no statistical differences between LB and SC
he case of the model bound) in each percentile bin. Bimodal values inferior to the
iled t-test; p ≤ .05). We observed that the race model inequality was significantly
accounts, except in the crossed posture in early blind subjects. (For interpretation

f the article.)

or EB however). This may suggest that vision is not only neces-
sary for the establishment but also for the maintenance of the
automatic remapping process of touch/proprioception in external
coordinates.
As expected, our results also showed better performance overall
in bimodal condition compared to either of the constituent unisen-
sory stimuli. This result illustrates the advantages of our ability
to construct a more robust percept by integrating the information
acquired by the different senses (Stein & Meredith, 1993). To further
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xplore whether the multisensory gain obtained in bimodal condi-
ion reflects a true brain integration process, we tested whether
edundant-target RTs are significantly faster than those predicted
y a race between the two modalities independently (Miller, 1982;
lrich et al., 2007); see Section 2.4 for details). Results for SC and
B in both posture conditions showed that the probability distri-
ution of the response latency to the bimodal target was less than
hat could be expected from a simple probability summation of

he two unimodal conditions. We therefore show for the first time,
sing race model violation, that SC as well as LB combine audio-
actile stimuli in a truly integrative way across posture changes.
n EB, however, race model violation with bimodal stimuli was
btained only in uncrossed-posture condition, suggesting audio-
actile integration impairment when hands were crossed over the
ody midline. Because the auditory and tactile modalities initially
ode space in different reference systems (audition is external and
ouch is internal or body-centred), the brain has to align the spa-
ial frames of reference used by our distal senses and the sensory
nformation obtained from our bodies in order to merge audiotac-
ile spatial information into a common percept. This is thought to
e mediated by the automatic remapping process from somato-
opic to external space, thereby providing a common spatial frame
f reference for the coordination and integration of information
btained from touch and externally defined sensory cues acquired
y audition or vision (Eimer, 2001; Gallace, Soto-Faraco, Dalton,
reukniet, & Spence, 2008; Kennett, Eimer, Spence, & Driver, 2001;
loyd et al., 2003; Soto-Faraco, Spence, & Kingstone, 2004). In the
resent study, the use of a common external spatial reference frame
or action in SC and LB may have induced the alignment between
udition and touch across posture changes, allowing multisensory
ntegration in the uncrossed and crossed postures. However, if EB
o not automatically remap touch into external spatial coordinates
Röder et al., 2004, 2008), the crossed posture may induce a con-
ict between the auditory and tactile frames of reference, which
ay prevent efficient multisensory integration. In other words, the

bsence of mandatory activation of an external reference frame for
erception and action in EB may impair multisensory integration
hen there is a conflict between anatomical and external reference

rames, for instance, when a sound has to be integrated with a touch
n a hand-crossed posture.

These results could be related to developmental studies in
umans and animals suggesting that multisensory functions
evelop gradually after birth and are greatly influenced by
arly sensory experiences (Gori, Del Viva, Sandini, & Burr, 2008;
ewkowicz, 2002; Nardini, Jones, Bedford, & Braddick, 2008; Neil
t al., 2006; Wallace & Stein, 1997; Wallace & Stein, 2007; Wallace,
arriere, Perrault, Vaughan, & Stein, 2006). For example, Neil and
ollaborators recently investigated the development of audiovisual
ntegration in spatial localization behavior in infants from 1 to 10

onths of age. They found that infants less than 8 months of age
id not exhibit a reliable violation of the race model inequality,
hereas infants from 8 to 10 months old did. These findings are

onsistent with electrophysiological results in young cats and mon-
eys showing that multisensory integrative properties of neurons
n the superior colliculus are not present at birth but emerge later
n life (Wallace, Meredith, & Stein, 1998). These works show that

ultisensory processes in brain circuits mature slowly, suggest-
ng that the multisensory circuitry is highly malleable and may be
ied to sensory experiences acquired during postnatal life (Wallace,
004). Recent research has demonstrated that neurons of the supe-
ior colliculus and the anterior ectosylvian sulcus (possibly the cat’s

omolog of posterior parietal cortex in primates) of cats raised in
arkness showed highly altered multisensory integration proper-
ies for spatially corresponding audiovisual and audiotactile stimuli
Carriere et al., 2007; Champoux, Bacon, Lepore, & Guillemot, 2008;

allace, Perrault, Hairston, & Stein, 2004). In a recent study, we also
ogia 47 (2009) 3236–3243

demonstrated a reduced engagement of the posterior parietal cor-
tex for sound processing in early blind subjects (Collignon, Davare,
Olivier, & De Volder, 2009). Note that these regions play a crucial
role in the postural remapping processes that align spatial multi-
sensory cues acquired from different coordinates (Avillac, Deneve,
Olivier, Pouget, & Duhamel, 2005; Graziano, Cooke, & Taylor, 2000;
Graziano, 1999; Knudsen & Brainard, 1991; Knudsen & Knudsen,
1985; Mullette-Gillman, Cohen, & Groh, 2005; Schlack, Sterbing-
D’Angelo, Hartung, Hoffmann, & Bremmer, 2005; Werner-Reiss,
Kelly, Trause, Underhill, & Groh, 2003). These findings are also con-
sistent with an event-related potential study demonstrating that
the congenitally blind do not show cross-talk between tactile and
auditory systems based on spatial features at the level of early
sensory processing (Hotting, Rosler, & Röder, 2003). It is therefore
possible that the absence of default external mapping coordinates
combined with impaired multisensory interaction across posture
changes in EB may be due to a dramatic change in the functional
properties of neurons normally involved in these processes in SC
as well as LB.
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