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Simple reaction times (RTs) to auditory–somatosensory (AS) multisensory stimuli are facilitated over
their unisensory counterparts both when stimuli are delivered to the same location and when sepa-
rated. In two experiments we addressed the possibility that top-down and/or task-related influences can
dynamically impact the spatial representations mediating these effects and the extent to which multisen-
sory facilitation will be observed. Participants performed a simple detection task in response to auditory,
somatosensory, or simultaneous AS stimuli that in turn were either spatially aligned or misaligned by
lateralizing the stimuli. Additionally, we also informed the participants that they would be retrogradely
queried (one-third of trials) regarding the side where a given stimulus in a given sensory modality was
presented. In this way, we sought to have participants attending to all possible spatial locations and sen-
sory modalities, while nonetheless having them perform a simple detection task. Experiment 1 provided
no cues prior to stimulus delivery. Experiment 2 included spatially uninformative cues (50% of trials). In

both experiments, multisensory conditions significantly facilitated detection RTs with no evidence for
differences according to spatial alignment (though general benefits of cuing were observed in Experiment
2). Facilitated detection occurs even when attending to spatial information. Performance with probes,
quantified using sensitivity (d′), was impaired following multisensory trials in general and significantly
more so following misaligned multisensory trials. This indicates that spatial information is not available,

nt. T
cuity
despite being task-releva
result in a loss of spatial a

. Introduction

Multisensory research on the manner in which the brain com-
ines information from the different sensory epithelia has led to
paradigm shift in models of sensory organization. Anatomical,

hysiological, and brain imaging data demonstrate multisensory
perations at levels of the cortical hierarchy including primary
ortices (Ghazanfar & Schroeder, 2006; Kayser & Logothetis,
007; Schroeder & Foxe, 2005; Stein & Stanford, 2008; Wallace,
amachandran, & Stein, 2004). This new perspective has increased
nterest in determining the precise circumstances when multisen-
ory interactions and their behavioral consequences will and will
ot occur.

∗ Corresponding author at: CIBM, CHUV, Radiology BH08.078, rue du Bugnon 46,
011 Lausanne, Switzerland. Tel.: +41 21 3141321; fax: +41 21 3141319.

E-mail address: micah.murray@chuv.ch (M.M. Murray).
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028-3932/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
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he collective results support a model wherein early AS interactions may
for unisensory information.

© 2010 Elsevier Ltd. All rights reserved.

The case of AS interactions is illustrative of this paradigm
shift. Humans and non-human primates exhibit non-linear neu-
ral response interactions within the initial processing stages (Foxe
et al., 2000; Lakatos, Chen, O’Connell, Mills, & Schroeder, 2007;
Murray et al., 2005; Schroeder et al., 2001) and involve belt regions
of auditory cortex adjacent to core auditory cortices (Fu et al., 2003;
Kayser, Petkov, Augath, & Logothetis, 2005; Murray et al., 2005;
Schroeder et al., 2001, 2003; see also Cappe & Barone, 2005; Hackett
et al., 2007; Smiley et al., 2007 for corresponding anatomic data).
Most recently, it has been shown that non-linear neural response
interactions observed in humans are linked to behavioral out-
come, such that non-linear neural response interactions over the
40–85 ms post-stimulus period were linked with facilitating reac-
tion times (Sperdin, Cappe, Foxe, & Murray, 2009, Sperdin, Cappe,
& Murray, 2010a).
More generally, identifying the necessary circumstances for
inducing facilitative interactions can in turn provide insights into
the likely organization of inputs onto structures (i.e., populations of
neurons in the case of non-invasive studies in humans) contributing
to multisensory integration. Facilitative effects on RT speed have

dx.doi.org/10.1016/j.neuropsychologia.2010.09.001
http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:micah.murray@chuv.ch
dx.doi.org/10.1016/j.neuropsychologia.2010.09.001
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ER-4P; www.etymotic.com) at 75 dB (measured using a CESVA SC-L sound pressure
meter; www.cesva.com). Vibrotactile stimulation was delivered through 2 (left and
right hand) Oticon bone conducting devices (100 �, Oticon Inc., Somerset, NJ) with a
duration of 100 ms and a vibrating surface of 1.6 cm wide × 2.4 cm long, which were
held between the participant’s index finger and thumb.2 Continuous white noise was

2 It should be noted that in this regard our spatially aligned condition entailed
H.F. Sperdin et al. / Neurops

ow been observed not only when the stimuli are presented to
he same location in space, but also when the stimuli are sepa-
ated in space. This is the case for left-right (Murray et al., 2005),
ront-back (Zampini, Torresan, Spence, & Murray, 2007), as well as
ear-far (Tajadura-Jiménez et al., 2009) spatial disparities (see also
illmeister & Eimer, 2007; Yau, Olenczak, Dammann, & Bensmaia,
009). Such findings have been used to generate hypotheses con-
erning the spatial representation of auditory and somatosensory
nformation within regions and at latencies when the initial neural
esponse interactions have been repeatedly observed.

The rationale is predicated on the so-called “spatial rule” of
ultisensory interactions, which stipulates that the receptive field

rganization of a neuron (or neural population) is a determin-
ng feature of multisensory interactions and their quality (Stein

Meredith, 1993). Based on this principle and the above find-
ngs, it has been hypothesized that the initial AS neural response
nteractions are occurring within brain regions whose neuronal
opulation consists of large (potentially 360◦; Recanzone, Engle, &

uarez-Salinas, 2010; Woods, Lopez, Long, Rahman, & Recanzone,
006) auditory spatial representations and unilateral somatosen-
ory (i.e. hand) representations. To the extent that this is indeed the
ase, then it would be inaccurate to interpret cases where spatially
isaligned stimuli lead to significant RT facilitation as an example
here the spatial rule of multisensory interactions does not apply

cf. Murray & Spierer, 2009 for discussion).
One line of support for the above hypothesis is that the current

vidence strongly supports a model of unisensory auditory spatial
ncoding that is based on population-level responses, rather than
patial mapping at the level of individual neurons (e.g. Stecker,
arrington, & Middlebrooks, 2005; also Murray & Spierer, 2009
nd Spierer et al., 2010 for reviews). Another line of support
omes from neurophysiologic studies of AS neural response inter-
ctions between spatially aligned and misaligned stimuli (Fu et
l., 2003; Murray et al., 2005; see also Lakatos et al., 2007 for
ata focusing on oscillatory activity). Specifically, Murray et al.
2005) performed source estimations of neural response interac-
ions and showed effects within the left caudal auditory cortices
hen the somatosensory stimulus was to the right hand, irrespec-

ive of whether the sound was within the left or right hemispace
and vice versa). These kinds of results suggest that spatial informa-
ion is not a determining factor in whether or not facilitative effects
t a population level will be observed.

However, it is important to note that simple detection does not
forcibly) require spatial processing of the stimuli, even though
he stimuli are unambiguous in terms of their localization. Tasks
hat have required spatial processing often observed effects that
ere limited to spatially aligned conditions (Kitagawa, Zampini, &

pence, 2005; Kitagawa & Spence, 2006; see also Làdavas, Pavani, &
arnè, 2001; Farnè & Làdavas, 2002; Làdavas & Farnè, 2004; Ortigue
t al., 2005). These discrepancies may stem from the task require-
ents and/or the need for spatial processing. The present study

herefore addressed this discrepancy and more generally the ques-
ion of whether early and low-level AS interactions (indexed by
acilitated RTs that have previously been observed despite wide
patial separations between stimuli and that have been directly
inked to such neurophysiological effects; Murray et al., 2005;
perdin et al., 2009) are impacted by top-down influences on spa-
ial processing. To do this, we introduce a novel paradigm that
etains a stimulus detection task, while also requiring the continu-
us allocation of spatial attention (though not to a specific location).
pecifically, across 2 experiments we examined whether multisen-

ory facilitation of RTs during the performance of a simple detection
ask is affected when participants also attend to the spatial posi-
ion of the stimuli. To do this, we modified a simple detection task
y inserting retrograde spatial probe trials. In this way, we sought
o have participants selectively attending covertly to each spatial
ogia 48 (2010) 3696–3705 3697

location, while nonetheless having them perform a simple detec-
tion task irrespective of spatial information. Experiment 1 did not
involve any cuing prior to presentation of the imperative stimu-
lus, whereas Experiment 2 presented cues on 50% of trials. These
cues only served to indicate to participants to attend to the stim-
uli. The cues were not informative about the spatial location or
the particular sensory modality(ies) that would be presented. Nor
were they predictive of the subsequent presentation of a retrograde
probe. The inclusion of pre-trial cues allowed for the assessment of
whether participants could successfully deploy their attention to
the task/stimuli and thus modulate their performance either on
the detection task and/or with the spatial probes.

With this design we sought to disambiguate between two com-
peting hypotheses of multisensory interactions (as indexed by
facilitated RTs). On the one hand, one might hypothesize that
making the spatial location of stimuli task-relevant will impact
detection RTs such that facilitation is limited to spatially aligned
stimuli or modulated between aligned and misaligned conditions.
Such a pattern would be consistent with the proposition that
task influences can dynamically modulate cerebral spatial repre-
sentations (cf. Murray et al., 2005 for discussion). For example,
dynamic shifts in receptive fields have been observed in neurons
within the superior colliculus (Jay & Sparks, 1987) and parietal cor-
tex (Andersen & Buneo, 2002). More recently, it has been shown
that individual neuron’s receptive fields can exhibit multiple, spa-
tially distributed “hot spots” that in turn can vary as a function
of the presented stimulus modalities (Krueger, Royal, Fister, &
Wallace, 2009). On the other hand, the hypothesis we outline above
would stipulate that even when spatial processing of the stimuli is
emphasized, RT facilitation will be observed both when stimuli are
spatially aligned and misaligned. This is because early, low-level
neural response interactions occur within brain regions that (1)
themselves contain a large representation (likely 360◦) of auditory
space (the precise extent of somatosensory spatial representations
and variability across the body surface is currently unresolved; see
Fu et al., 2003; Kayser et al., 2005; Tajadura-Jiménez et al., 2009)
and (2) exhibit interactions even under conditions of anesthesia or
passive stimulus presentation.

2. Materials and methods

2.1. Experiment 1

2.1.1. Participants
Sixteen participants (9 women; 7 men) aged 22–36 years took part in the exper-

iment (mean 30 years). They included four women. Fourteen of the subjects were
right-handed (Oldfield, 1971). All reported normal hearing and touch with no pre-
vious history of neurological or psychiatric illnesses. Each subject provided written,
informed consent to participate in the study. All the procedures were approved by
the Ethics Committee of the Faculty of Biology and Medicine of the University of Lau-
sanne, Switzerland and were performed in accordance with the ethical standards
laid down in the Declaration of Helsinki.

2.2. Apparatus and stimuli

Auditory stimuli were 100 ms complex tones (square waveform, 10 ms rise/fall
envelope to minimize clicks; 44,100 Hz digitization) generated using Adobe Audi-
tion 1.0 (www.adobe.com). Each sound was presented via insert earphones (model
stimuli that were presented to different locales on the same side of the participant. As
such, the stimuli were not spatially co-localized. However, prior neurophysiological
(Foxe et al., 2002) and psychophysical (Tajadura-Jiménez et al., 2009) indicate that
spatial co-localization is not necessary to differentiate effects of spatial alignment.
Plus, Experiment 2 of the present study entailed co-localized stimuli and replicated
the findings of Experiment 1.

http://www.adobe.com/
http://www.etymotic.com/
http://www.cesva.com/
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ig. 1. Experimental paradigm. (a) This panel illustrates the apparatus for stimulus
. The lower portion illustrates a typical trial structure. Stimuli were presented for 1
ight foot. On one-third of trials they were subsequently prompted with a probe inq
b) This panel illustrates the apparatus and trial structure in Experiment 2.

layed during the experiment to prevent subjects from hearing the sound produced
y the bone conducting devices (see below). Behavioral data were collected through-
ut the length of the experiment while subjects sat in an electrically shielded and
ound attenuated room. Stimulus delivery and response recording were controlled
y E-Prime (Psychology Software Tools, Pittsburgh, PA; www.pstnet.com).
.3. Procedure and task

Participants performed a simple detection task in response to auditory,
omatosensory (vibrotactile stimulation of the left or right index finger and thumb),
r simultaneous AS stimuli that in turn were either spatially aligned or misaligned
ry and response execution, as well as the posture of the participants in Experiment
and participants then performed a detection response via a foot pedal under their

about the spatial position of a particular sensory modality from the preceding trial.

(e.g. auditory stimulation to the left and somatosensory stimulation to the right).
The participants had to detect any stimulus through a foot pedal (right foot) while
maintaining central fixation on a white cross presented in the middle of a black
computer screen whilst attending to the spatial location of the stimuli (see Fig. 1a).
Participants’ arms were comfortably outstretched in front of them on armrests and

were separated by ∼100◦ in azimuth.

In addition to the simple detection task, we also informed the participants that
they would be queried from time to time (one-third of trials) as to whether or not
a given stimulus in a given sensory modality had been presented to the left or right
on the preceding trial. That is, on the probed trial, they had to indicate whether the
sound or the vibration from the immediately preceding trial (that could be one of

http://www.pstnet.com/
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(see e.g. Murray, Foxe, Higgins, Javitt, & Schroeder, 2001; Sperdin
et al., 2009 for cases of such). In the present Experiment, only the
misaligned multisensory trials resulted in significant violation of
the race model inequality over the fastest 20% of the RT distribu-

3 It should be noted that the mean RTs here are akin to those observed by Murray et
al (2005), but somewhat slower than those observed in either Zampini et al. (2007)
or Tajadura-Jiménez et al. (2009). One possible explanation for this difference is
H.F. Sperdin et al. / Neurops

he eight possible stimulus configurations) had been presented on the left or on the
ight side of space with respect to midline. Four possible probes were presented (i.e.
eferring to sound or vibration on the left or right) used for the eight conditions (four
nisensory and four multisensory). Probes required positive and negative responses
qually often, resulting in 16 total possible combinations with the stimulation trials.
robes following unisensory trials always queried the appropriate sensory modality
e.g. an auditory stimulus could only be followed by a probe about the position of
sound). Each of the eight stimulus configurations was randomly presented with

qual frequency in blocks comprising 144 trials, and each of the four possible probes
as also randomly interspersed (i.e. on 48 of the possible 144 detection trials). For

rials without probes, the inter-stimulus interval varied from 1000 to 1500 ms in
00 ms steps that were equally distributed across the stimulus conditions. For those
rials with probes, the interval between the stimulus and probe varied from 1000
o 1500 ms in 100 ms steps that were equally distributed across the conditions. The
robe then remained on the computer screen for a total duration of 1500 ms irre-
pective of when the participant responded to the probe. The next trial began after
n interval (with no stimuli on the screen) ranging from 1000 to 1500 ms in 100 ms
teps equally distributed across conditions. Each participant completed 3 blocks of
rials. Accuracy rates and RTs were measured for the detection portion, whereas only
ccuracy rates were measured for the probes. Only RTs in the range of 150–1000 ms
ere included in analyses. This resulted in the exclusion of on average less than 2%

f trials (range 0.2–4.6%). As preliminary analyses revealed no effect or interaction
nvolving side of stimulation, data were collapsed across left-sided and right-sided
resentations for all analyses reported here.

It is worth noting at this point that retrograde rather than anterograde probes
ere used to maintain a simple detection paradigm on the one hand and also to

equire participants to attend to the spatial position of stimuli in each sensory
odality on the other hand. Had anterograde probes been used, detection and

iscrimination processes would have been superimposed and we would not have
btained as ‘pure’ a measure of stimulus detection. The retrograde probing ensured
hat the detection task was kept constant, whilst continuously monitoring the spa-
ial location of stimuli. In this way, we sought to have participants monitoring all
patial locations, while nonetheless having them perform a simple detection task
rrespective of spatial information. The participants were instructed to respond as
ccurately and rapidly as possible without any feedback about the correctness of
heir responses.

.4. Experiment 2

.4.1. Participants
Eleven participants aged 22–31 years took part in the experiment (mean 27.5

ears). They included 7 women. Nine of the 11 subjects were right-handed (Oldfield,
971). All reported normal hearing and touch with no previous history of neurolog-

cal or psychiatric illnesses. Ten of these subjects had participated in Experiment 1
t least 4 months beforehand. Each subject provided written, informed consent to
articipate in the study. All the procedures were approved by the Ethics Committee
f the Faculty of Biology and Medicine of the University of Lausanne, Switzerland
nd were performed in accordance with the ethical standards laid down in the
eclaration of Helsinki.

.4.2. Apparatus and stimuli
Auditory stimuli were 100 ms complex tones (square waveform, 10 ms rise/fall

nvelope to minimize clicks; 44,100 Hz digitization) generated using Adobe Audi-
ion 1.0 (www.adobe.com). Sounds were presented via loudspeakers located next
o each hand (Bose Companion 2 Series II) at 75 dB (measured using a CESVA SC-L
ound pressure meter located at the position of ear; www.cesva.com). Vibrotactile
timulation was delivered through 2 (left and right hand) Oticon bone conducting
evices (100 �, Oticon Inc., Somerset, NJ) with a duration of 100 ms and a vibrat-

ng surface of 1.6 cm wide × 2.4 cm long, which were held between the participant’s
ndex finger and thumb. Therefore, multisensory stimuli were co-localized as well as
o-lateralized when presented in an aligned configuration (cf. 2). As in Experiment
, continuous white noise was played during the experiment to prevent subjects
rom hearing the sound produced by the bone conducting devices. Visual stimuli
sed for cuing were centrally presented white arrows (<>) that were immediately
djacent to the central fixation cross and appeared for 350 ms. The interval between
cue and stimulus varied between 900 and 1500 ms in steps of 100 ms equally dis-

ributed across trial types. Behavioral data were collected throughout the length the
xperiment while subjects sat in an electrically shielded and sound attenuated room.
timulus delivery and response recording were controlled by E-Prime (Psychology
oftware Tools, Pittsburgh, PA; www.pstnet.com).

.4.3. Procedure and task
Experiment 2 was identical to Experiment 1 in all respects, with the exception of

he following points (Fig. 1b). First, sounds were presented here from loudspeakers

ather than from earphones. This ensured co-localization of the sounds in the case
f aligned trials. Second, visual cues were presented on 50% of trials, but were in
o way informative of the lateralization of the stimuli or the particular sensory
odality or modalities that would be presented. Subjects were explicitly instructed

o attend to the spatial position of the stimuli on trials when the cue appeared. We
ould again emphasize that our interest was in maintaining a simple detection task.
ogia 48 (2010) 3696–3705 3699

Consequently, the cue was solely intended to prepare participants for the upcoming
trial while having them attend to all potential locations where the stimuli could be
presented. Third, in Experiment 2, participants completed 6 blocks of trials so as to
have a sufficient number of cued and uncued trials for each condition and for all
probes.

3. Results

3.1. Experiment 1

3.1.1. Detection
On average, subjects detected 97.9 ± 0.6% (mean ± s.e.m.) of

auditory stimuli, 98.3 ± 0.4% of somatosensory stimuli, 98.1 ± 0.4%
of spatially aligned multisensory stimulus pairs, and 97.7 ± 0.5% of
spatially misaligned multisensory stimulus pairs. Detection rates
were submitted to a repeated measures ANOVA using exper-
imental condition as the within subjects factor with levels of
auditory, somatosensory, multisensory aligned, and multisensory
misaligned. Detection rates did not differ significantly across con-
ditions (p > 0.70).

RT data were likewise submitted to a repeated measures
ANOVA using experimental condition as the within subject fac-
tor with levels of auditory, somatosensory, multisensory aligned,
and multisensory misaligned. There was a significant main effect
of experimental condition (F(3,13) = 8.23, p < 0.0001; �2

p = 0.95). Post
hoc contrasts showed that RTs to multisensory stimuli were facil-
itated relative to either unisensory condition (all t-values > 4.60;
p-values < 0.0001), with no difference between multisensory
aligned and multisensory misaligned (p = 0.56; Fig. 2a). This pat-
tern of results is indicative of a redundant signals effect (RSE) for
both spatially aligned and misaligned AS stimuli, even when partici-
pants were retrogradely probed about the spatial location of stimuli
(and therefore likely attended to their spatial position). Moreover,
that RTs did not differ between spatially aligned and misaligned
multisensory pairs provides no evidence for a spatial modulation
of the RSE, in agreement with prior studies (Murray et al., 2005;
Tajadura-Jiménez et al., 2009; Zampini et al., 2007)3.

We also analyzed the RT data using Miller’s race model inequal-
ity (Miller, 1982) to determine if the RT facilitation exceeded
predictions based solely on probability summation. For this analy-
sis, the probability distribution for each condition and participant
were calculated (here using bins of 10% of the RT distribution across
conditions for a given participant). This distribution for the mul-
tisensory aligned and misaligned conditions were compared to a
modeled value for each of these conditions. The modeled value
equals the summed probabilities from the constituent unisensory
conditions minus their joint probability. When the actual proba-
bility is greater than the modeled value, the race model is violated
and probability summation cannot account for the RSE obtained.
The statistical robustness of this difference is in turn tested using
a one-tailed paired t-test between the observed and modeled val-
ues. However, it should be noted that even when the race model is
not violated, neural response interactions may likely be occurring
that the foot was used for responding here, whereas the hand was used in Tajadura-
Jimenez et al. Another difference is that the sounds were of lower intensity here and
in Murray et al. than in Zampini et al. These things being said, further investigation
is needed to explain variance in RTs across these studies. Nonetheless, and as is
evident in the results, the pattern of findings is similar despite these paradigmatic
differences.

http://www.adobe.com/
http://www.cesva.com/
http://www.pstnet.com/
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Fig. 3. Results of applying Miller’s (1982) race model inequality to the cumulative
probability distributions of the RT data. The difference between actual and mod-
eled cumulative probability distributions is plotted as a function of the percentile
of the RT distribution. (a) Results from Experiment 1 revealed a significant facilita-
ig. 2. Group average detection RTs (s.e.m. indicated). RTs to multisensory condi-
ions were facilitated irrespectively of the spatial alignment between the auditory
nd somatosensory stimuli in Experiment 1 (panel a) as well as in Experiment 2
panels b and c).

ion (p < 0.01; Fig. 3a). No significant violation was observed for the
ligned multisensory trials, though we would note that 11 of the
6 participants exhibited violation at some point over the fastest
0% of the RT distribution. More germane, the finding that the mis-
ligned condition produced significant violation of the race model
rovides one indication of the robustness of the RT facilitation even
hen stimuli are widely separated in space and when participants

re (presumably) attending to the spatial position of individual
ensory modalities.

.1.2. Spatial probes
Participants’ performance with the spatial probes was gener-

lly highly accurate, indicative of the reliable attention to the
patial position of the stimuli. Hit rates for probes of sound lat-
ralization were above 85% (range 86–92%), irrespective of the
rial type (unisensory, multisensory aligned, and multisensory

isaligned). By contrast, hit rates for probes of somatosensory
ateralization were generally lower, ranging 66–80%, and varied

s function of trial type. Accuracy data for the probes were ana-
yzed according to signal detection theory (Green & Swets, 1966).
ensitivity (d′) was calculated according to the following formula:
′ = z(H) − z(FA); where z(H) and z(FA) represent the transforma-
ion of the hit and false-alarm rates into z-scores (Macmillan &
tion of RTs in excess of probability summation for misaligned multisensory trials.
(b) Results from Experiment 2 revealed a significant facilitation of RTs in excess
of probability summation for all conditions. In all panels asterisks indicate p < 0.05
(one-tailed t-test).

Creelman, 1991). Hits were the stimuli correctly discriminated
according to their spatial location (e.g. pressing the pedal to the
probe “Was the sound on the right?” when the stimulus was a
sound on the right, a multisensory stimulus with both the vibra-
tion and sound to the right, or a multisensory stimulus with the
vibration on the left and the sound on the right). False alarms were
the stimuli erroneously discriminated according to their actual
spatial position (e.g. pressing the pedal to the probe “Was the
sound on the right?” when the stimulus was a sound on the left).
The results are displayed in Fig. 4a. Sensitivity in discriminat-
ing the spatial lateralization of stimuli were submitted to a 3 × 2
within subjects ANOVA, using trial type (unisensory, multisen-
sory aligned, and multisensory misaligned) and probed modality
(auditory, somatosensory) as factors. This analysis revealed a main
effect of the trial type (F(2,14) = 25.19, p < 0.001; �2

p = 0.78), a main
effect of the probed modality (F(1,15) = 4.72, p < 0.05; �2

p = 0.24),
and an interaction between these factors (F(2,14) = 9.55, p = 0.002;
�2

p = 0.58). Follow-up contrasts were performed separately for

each probed modality. In the case of probes of the lateralization
of the sounds, d′ was significantly lower for misaligned multisen-
sory trials than for either aligned multisensory trials (p < 0.05) or
unisensory trials (p < 0.006); the latter two of which did not signif-
icantly differ (p > 0.65). In the case of probes of the lateralization of
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ig. 4. Group-averaged (s.e.m. indicated) sensitivity (d′) with the spatial probes.
xperiment 2 after collapsed across cued and uncued trials (there was no main
xperiments, sensitivity was impaired for probes following misaligned multisensor

he vibro-tactile stimuli, d′ was again significantly lower for mis-
ligned multisensory trials than for either aligned multisensory
rials (p < 0.001) or unisensory trials (p < 0.008); the latter two of
hich also significantly differed (p < 0.001). Thus, for both probed
odalities sensitivity was significantly impaired following mis-

ligned multisensory trials. However, because performance was
lso impaired for aligned multisensory trials (at least when the
omatosensory modality was probed and albeit to a lesser degree
han for misaligned multisensory trials) would argue against an
xplanation exclusively in terms of a response conflict due to there
eing two distinct spatial representations (i.e. one for each modal-

ty).

.2. Experiment 2

.2.1. Detection
When cued, subjects detected 99.1 ± 0.5% (mean ± s.e.m.) of
uditory stimuli, 97.4 ± 0.9% of somatosensory stimuli, 99.6 ± 0.2%
f spatially aligned multisensory stimulus pairs, and 99.5 ± 0.2%
f spatially misaligned multisensory stimulus pairs. When not
ued, subjects detected 98.7 ± 0.6% of auditory stimuli, 97.6 ± 0.8%
f somatosensory stimuli, 99.5 ± 0.3% of spatially aligned mul-
is panel displays results from Experiment 1. (b) This panel displays results from
or cuing or interactions involving this term; see Section 3 for details). In both

s.

tisensory stimulus pairs, and 99.5 ± 0.2% of spatially misaligned
multisensory stimulus pairs. Detection rates were submitted
to a repeated measures ANOVA using within subject factors
of cuing (cued vs. uncued) and experimental condition (audi-
tory, somatosensory, multisensory aligned, and multisensory
misaligned). There was a main effect of condition (F(3,8) = 4.93;
p = 0.032; �2

p = 0.65) due to poorer performance on unisensory
somatosensory trials relative to all other conditions. We would
emphasize, however, that performance on unisensory trials was
still nearly perfect (97.5 ± 0.8%). Likewise, there were no signifi-
cant differences between any other conditions. Neither the main
effect of cuing nor the interaction was significant (p-values > 0.65).

RT data were submitted to a repeated measures ANOVA as
above, using within subject factors of cuing and experimental con-
dition. There were significant main effects of cuing (F(1,10) = 26.48,
p < 0.0001; �2

p = 0.73) and experimental condition (F(3,8) = 93.57,
p < 0.0001; �2

p = 0.97), but no interaction between these factors

(p > 0.35). Post hoc contrasts for cued and uncued trials, separately,
showed that RTs to multisensory stimuli were facilitated relative to
either unisensory condition (all t-values > 4.88; p-values < 0.001),
with no difference between multisensory aligned and multisen-
sory misaligned (p-values > 0.48; Fig. 3a). This pattern of results
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s indicative of an RSE for both spatially aligned and misaligned
S stimuli, irrespective of whether or not the trial was cued and
espite participants being informed that they would be retro-
radely probed about the spatial location of stimuli. Moreover, that
Ts did not differ between spatially aligned and misaligned mul-
isensory pairs provides no evidence for a spatial modulation of
he RSE, replicating our findings in Experiment 1 for both cued and
ncued trials.

As in Experiment 1, we also analyzed the RT data using Miller’s
ace model inequality (Miller, 1982) to determine if the RT facilita-
ion exceeded predictions based solely on probability summation.
oth aligned and misaligned conditions resulted RT facilitation
xceeding probability summation over the fastest 10–30% of the RT
istribution (Fig. 3b). This was the case both for cued and uncued
rials. Race model violation was statistically evaluated with a paired
-test (one-tailed) between the actual and modeled probability dis-
ributions. For both the aligned and misaligned conditions as well as
ued and uncued trials, the actual values were significantly higher
han the modeled values for the bin spanning the fastest 10–20% of
he RT distribution (all p-values < 0.023).

.2.2. Spatial probes
Participants’ performance with the spatial probes was gener-

lly highly accurate, indicative of the reliable attention to the
patial position of the stimuli. Hit rates for probes of sound lat-
ralization were above 90% (range 91–98%) for both cued and
ncued trials, irrespective of the trial type (unisensory, multisen-
ory aligned, and multisensory misaligned). By contrast, hit rates
or probes of somatosensory lateralization were generally lower,
anging 67–91%, and varied as function of trial type. Accuracy
ata for the probes were analyzed according to signal detec-
ion theory, as in Experiment 1. Mean d′ values are displayed
n Fig. 3b for both cued and uncued trials and were submit-
ed to a 2 × 3 × 2 within subjects ANOVA, using within subject
actors of cuing (cued, uncued), trial type (unisensory, multisen-
ory aligned, and multisensory misaligned) and probed modality
auditory, somatosensory). This analysis revealed main effects of
rial type (F(2,9) = 7.20, p = 0.014; �2

p = 0.62) and probed modality
F(1,10) = 25.57, p < 0.0001; �2

p = 0.72), but no main effect of cuing
p > 0.15). There was also a significant interaction between trial
ype and probed modality (F(2,9) = 26.62, p < 0.001; �2

p = 0.86). Data
ere therefore collapsed across cued and uncued trials, and one-
ay ANOVAs were conducted for each probed modality. When the

ateralization of sounds was probed, there was no evidence for sen-
itivity differences across trial types (p > 0.20). By contrast, when
he lateralization of touches was probed, there were significant
ifferences in sensitivity across trial types (F(2,9) = 16.62, p < 0.001;
2
p = 0.79) such that d′ was significantly lower for misaligned mul-
isensory trials than either aligned multisensory trials (p = 0.021)
r unisensory trials (p < 0.001); with d′ likewise being significantly
ower for multisensory aligned than unisensory trials (p = 0.022).
his pattern of results suggests that misaligned multisensory trials
isrupt the ability to report the spatial location of somatosensory
timuli.

. Discussion

The principal aim of the present study was to determine whether
S multisensory facilitation of RTs during the performance of a sim-
le detection task is affected when the spatial position of the stimuli
s also task-relevant. In particular, we assessed whether the facili-
ation of RTs when AS stimuli were spatially misaligned diminished
r disappeared when performing a detection task that was followed
y retrograde spatial probe trials. On those trials, participants had
o indicate if during the immediately preceding event, the auditory
ogia 48 (2010) 3696–3705

or the somatosensory stimulus had been presented to the left or the
right hemispace. This was motivated by the discrepancies observed
across studies indicating that AS interactions are spatially modu-
lated depending on factors such as task requirements and/or the
need for spatial processing.

For the detection of stimuli, results from both experiments
indicated that RTs were significantly and equally facilitated for
both aligned and misaligned stimuli (see Fig. 2). That is, when the
position and sensory modality of the stimuli were task-relevant
a similar speeding up of RTs was obtained for the aligned and
misaligned multisensory conditions relative to their constituent
unisensory conditions. Moreover, no modulation was observed
when comparing trials where stimuli were spatially misaligned
vs. aligned. This is consistent with what has already been demon-
strated in previous studies using simple detection tasks (Murray
et al., 2005; Tajadura-Jiménez et al., 2009; Zampini et al., 2007).
The novelty of the present results resides in the fact that this
facilitation occurs despite the task-relevance of the lateralization
of the stimuli (and by extension the likely engagement of spa-
tial attention to successfully complete this task). Participants’ high
level of performance (vis à vis d′) with the spatial probes pro-
vides a further indication that they indeed attended to the spatial
position of the stimuli (though with some variation between audi-
tion and touch). However, the fact that d′ with the spatial probes
was generally lower following multisensory trials (both aligned
and misaligned) than unisensory trials would suggest that AS
interactions (both between aligned and misaligned combinations)
transpiring between stimulus presentation and the presentation of
a spatial probe interfere with the ability to report spatial informa-
tion about one or the other sensory modalities.

Another consideration with regard to the pattern of detection
RTs we obtained is that the equivalent facilitation under aligned
and misaligned conditions can be construed as a null effect. In this
way, our results are consistent with the proposition detailed by
Kitagawa and Spence (2006) that interactions between the auditory
and somatosensory modalities are inherently “less spatial” than
other sensory combinations (though see Ho, Santangelo, & Spence,
2009 for data suggesting the importance of spatial alignment for AS
stimuli to impact visual attention). Although we were able to repli-
cate this pattern across both experiments, it could nonetheless be
argued that the context of also performing a spatial discrimination
task (on one-third of the trials) was simply insufficient to affect
detection processes. It should be noted, however, that the require-
ments of the spatial discrimination task did indeed differentially
affect performance with the probes themselves. Such being said,
we cannot unequivocally refute the possibility that differences in
detection RTs would have emerged had a more demanding spatial
task been performed or had we presented somatosensory stimuli
to other body surfaces where effects of spatial alignment on a pure
detection task have indeed been observed (Tajadura-Jiménez et al.,
2009). That is, the body surface stimulated might play a particu-
larly prominent role in whether or not RTs are facilitated when AS
stimuli are spatially aligned or misaligned (Tajadura-Jiménez et al.,
2009; see also Làdavas et al., 2001 and Ortigue et al., 2005 for clini-
cal evidence). These issues will require continued investigation. The
relative sensitivity of stimulation of different body surfaces to the
spatial alignment of co-presented sounds would be a non-invasive
means of generating hypotheses concerning the likely specificity of
anatomical projections into multisensory brain structures (cf. Fu et
al., 2003; Kayser et al., 2005; Tajadura-Jiménez et al., 2009 for dis-
cussion as well as Sperdin, Cappe, & Murray, 2010b for preliminary

event-related potential findings).

In prior work by our group, we proposed that spatial constraints
on AS interactions might modulate dynamically either as a func-
tion of top-down or task-related influences (Murray et al., 2005;
see also Royal, Carriere, & Wallace, 2009 and Krueger et al., 2009
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or recent neurophysiologic evidence for dynamic receptive fields
uring multisensory integration). Under this framework top-down

nfluences (i.e. awareness of the possibility of retrograde spatial
robes) might serve to reconfigure (presumably early) brain mech-
nisms to emphasize spatial properties. Such a mechanism would
ikely involve dynamically modifying spatial representations at a
opulation level; a notion that derives some support from studies
ithin the visual system (e.g. Tolias et al., 2001; Worgotter & Eysel,

000) and auditory system (e.g. Recanzone, 1998). From an etholog-
cal perspective, it is worth noting that the relationship of auditory
nd somatosensory inputs is frequently in flux; particularly those
nvolving the limbs vs. the face/neck. That is, we constantly move
ur limbs relative to our body. For instance, one’s left hand can
perate entirely in right space to produce sounds there (Maravita,
pence, & Driver, 2003; Obayashi et al., 2001). In contrast to the pos-
ible influence of task demands, the present results show that RT
acilitation with misaligned AS stimuli persists despite participants
eing cognizant of the task-relevance of the spatial position of stim-
li in each sensory modality (see also Farnè, Dematte, & Làdavas,
003 for related findings with visuo-tactile stimuli).

The above points notwithstanding, our results on the detec-
ion portion of the paradigm suggest that the task-relevance of
patial information is not the prominent factor in whether or not
he facilitation of RTs will occur when AS stimuli are misaligned.
ather, AS stimulus detection would appear to be somewhat her-
etic to these influences. This finding is in line with the current

euroimaging and neurophysiologic evidence in humans and non-
uman primates showing that early and low-level interactions can
e observed not only when the animals/humans are awake and
ehaving (Beauchamp, Yasar, Frye, & Ro, 2008; Brett-Green, Miller,
avin, & Davies, 2008; Gonzalez Andino, Murray, Foxe, & de Peralta
enendez, 2005; Murray et al., 2005; Sperdin et al., 2009) but also
hen stimuli are passively presented (Foxe et al., 2000, 2002; Fu

t al., 2003; Schroeder et al., 2001, 2003) and when participants
re anesthetized (Kayser et al., 2005). Such being said, however,
here is also evidence that early interactions are directly relevant
or performance outcome (Sperdin et al., 2009, 2010a). The immedi-
te question that arises from the results from the detection portion
f the paradigm is the qualitative nature of the representation of
he stimuli; specifically whether the spatial location of the stimuli
emains encoded and can still be discerned or if instead the stimuli
ave been fused into a representation that lacks information about
he spatial origin of the constituent stimuli. Another possibility
hat our paradigm does not allow us to exclude is that partici-
ants remain aware of the fact that stimuli originated from different

ocations in the case of misaligned conditions, but were unable to
eliably report which specific stimulus originated at which loca-
ion (i.e. they became confused or the memory trace was too weak
pon presentation of the spatial probe). Future extensions of this
ork will partially address this by also probing whether the stimuli

in the case of multisensory trials) were presented to the same or
pposite sides. Such notwithstanding debriefings with the partici-
ants would suggest that they did not subjectively find the probes
n the misaligned trials to be more difficult or confusing than any
ther condition.

Nonetheless, following the presentation of probes, identifica-
ion of the spatial position of an immediately preceding event
as impaired when stimuli where misaligned in space relative to
nisensory or aligned multisensory trials. We observed a particular

nability of our participants to correctly identify the spatial location
f the unisensory component of multisensory events when these

ere misaligned in space. However, we would note that in some

ases sensitivity was impaired for both types of multisensory tri-
ls though always to a greater extent on misaligned trials. Thus,
n contrast to the pattern observed during stimulus detection, per-
ormance on spatial discrimination was influenced by the spatial
ogia 48 (2010) 3696–3705 3703

alignment of the stimuli. This provides a level of support for our
presumption that the task required subjects to attend to the spatial
position of the stimuli. In this respect, the present findings with
the spatial probe task are consistent with prior neuropsychological
findings on localization tasks that showed impaired performance
with spatially misaligned stimuli (Farnè & Làdavas, 2002; Farnè et
al., 2003; Ortigue et al., 2005). However, in contrast to these clin-
ical findings performance was often also impaired in the present
study for probes following multisensory aligned stimuli relative
to those following unisensory stimuli. In this regard, AS multisen-
sory interactions in general would appear to disrupt (subsequent)
spatial processing.

Other studies used a temporal order judgment task to render
spatial information relevant (i.e. in contrast to a standard sim-
ple detection paradigm; Kitagawa et al., 2005; Zampini, Shore, &
Spence, 2003; Zampini et al., 2005). However, these studies have
generated conflicting results regarding whether performance is
impaired by misaligned distracter stimuli. While the relative con-
tribution of the precise body surface stimulated as well as of the
location at which stimuli are presented remain to be elucidated,
these data would suggest that spatially misaligned stimuli might
impact performance more when spatial processes are required.
Our data are in general keeping with this conclusion in that sen-
sitivity was particularly impaired for probes following spatially
misaligned stimuli. On the one hand, it may be the case (as sug-
gested above) that the spatial information or ‘tag’ of the AS stimuli
is not maintained between stimulus presentation and the execu-
tion of the spatial discrimination task. However, if this were the
case, one expectation would be poor performance in general. How-
ever, sensitivity was nearly perfect for the unisensory and aligned
multisensory trials. On the other hand, it may be the case that such
spatial tags are more difficult to maintain in the spatially misaligned
condition; a speculation that will require further experimental evi-
dence. That is, participants might well be maintaining a spatial tag
for both sensory modalities separately, and these later conflict upon
presentation of the probe.

In some respects, our findings are similar to capture phenom-
ena (e.g. Santangelo, Ho, & Spence, 2008). To date, there have been
two investigations of AS capture (Caclin, Soto-Faraco, Kingstone, &
Spence, 2002; Occelli, Spence, & Zampini, 2009; see also Ho et al.,
2009 for the capacity of AS stimuli to capture attention during the
completion of a demanding visual task). Using a psychophysical
staircase paradigm, Caclin and colleagues examined if the per-
ceived location of sounds (presented to the left or right) would
be affected by a concurrently presented vibratory somatosensory
stimulus delivered to the fingertips positioned a midline. Sounds
were misperceived as shifted toward the midline when presented
with vibrations. The authors proposed that their data are con-
sistent with AS interactions occurring at a perceptual level and
furthermore might be independent of the allocation of attention
(i.e. participants were instructed to ignore the vibrations). A sim-
ilar capture phenomenon could be at play in the present study
and would appear to operate symmetrically (i.e. with vibrations
capturing sounds and sounds capturing vibrations).

The present paradigm might likewise assist in better under-
standing the underlying perturbation(s) in cases of extinction
and neglect. For example, Farnè, Làdavas and colleagues (Farnè &
Làdavas, 2002; Farnè et al., 2003) demonstrated that a touch on
the contralesional side of space can be extinguished by an audi-
tory or visual stimulus on the opposite (ipsilesional) side of space.
The prevailing explanation of multisensory extinction is that this

auditory or visual stimulus activates a somatosensory representa-
tion on the ipsilesional side whose activity in turn competes with
the actual somatosensory stimulus on the contralesional side. An
alternative that would be supported by the present data is that
there is a direct interaction between AS stimuli presented to differ-
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nt sides of space. Completion of the present paradigm by patients
ith neglect/extinction might thus reveal the extent to which the
nderlying perturbations are perceptual vs. attentional. A related

ine of research in healthy controls has shown that when partici-
ants are asked to respond to both stimuli of a multisensory pair,
hey sometimes respond more to one sensory modality instead of
he other and even report having perceived only one of the stimuli.
ne interpretation of this phenomenon – termed the Colavita effect

Colavita, 1974) – is that it is in many ways analogous to extinc-
ion phenomena (Spence, 2009). Interestingly, this effect has to
ate only been obtained with multisensory pairs that include visual
timuli, with no such effect obtained for AS combinations (Hecht

Reiner, 2009; though see Occelli, O’Brien, Spence, & Zampini,
010 for very recent evidence of an AS Colavita effect with stim-
li presented in rear space as well as for evidence for preferential
etection of auditory vs. somatosensory stimuli, which is consistent
ith the generally higher d′ values for probes on the lateralization

f the auditory stimuli).
At a more general level with respect to AS interactions, our

ollective findings support the hypothesis that (early) AS inter-
ctions are mediated by brain regions containing large spatial
epresentations (particularly in the case of the auditory modality).
hese interactions, which have been shown to be behaviorally rel-
vant (at least for detection; Sperdin et al., 2009, 2010a) in turn
ngender facilitated detection RTs for both spatially aligned and
isaligned pairings. The susceptibility of these interactions to (spa-

ially uninformative) pre-stimulus cuing would appear to give rise
o an unspecific facilitation of detection RTs irrespective of stimu-
us modality or spatial alignment with no evidence for an impact
n retrograde spatial discrimination. By contrast, informing par-
icipants about the task-relevance of spatial information did not
ffect detection RTs but did affect retrograde spatial discrimination.
hile this might superficially appear contradictory, this pattern

an be synthesized in the following manner. Following stimulus
resentation AS interactions appear to be insensitive to left-right
patial alignment (Murray et al., 2005; though this remains to
e systematically evaluated neurophysiologically as a function of
ody surface stimulated). This integrated representation in turn

nterferes with the ability to report the spatial position of either
onstituent unisensory stimulus. This is the case both when the
timuli are spatially aligned and all the more so when spatially
isaligned. In this way, spatial information may become unavail-

ble and/or less reliable, despite being task-relevant. The collective
esults support a model wherein early AS interactions may result
n a loss of spatial acuity for unisensory information.
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