
Neuropsychologia 82 (2016) 84–90
Contents lists available at ScienceDirect
Neuropsychologia
http://d
0028-39

n Corr
derbilt
Nashvil

E-m
journal homepage: www.elsevier.com/locate/neuropsychologia
Relative contributions of visual and auditory spatial representations to
tactile localization

Jean-Paul Noel a,b, Mark Wallace b,c,d,e,n

a Neuroscience Graduate Program, Vanderbilt University Medical School, Vanderbilt University, Nashville, TN 37235, USA
b Vanderbilt Brain Institute, Vanderbilt University Medical School, Vanderbilt University, Nashville, TN 37235, USA
c Department of Hearing and Speech Sciences, Vanderbilt University Medical Center, Nashville, TN 37235, USA
d Department of Psychology, Vanderbilt University, Nashville, TN 37235, USA
e Department of Psychiatry, Vanderbilt University, Nashville, TN 37235, USA
a r t i c l e i n f o

Article history:
Received 11 October 2015
Received in revised form
21 December 2015
Accepted 4 January 2016
Available online 6 January 2016

Keywords:
Tactile localization
Auditory
Visual
Deprivation
Space
TOJ
x.doi.org/10.1016/j.neuropsychologia.2016.01.0
32/& 2016 Elsevier Ltd. All rights reserved.

esponding author at: Department of Hearin
University Medical Center, 7110 MRB III BioS
le, TN 37235, USA.
ail address: mark.wallace@vanderbilt.edu (M.
a b s t r a c t

Spatial localization of touch is critically dependent upon coordinate transformation between different
reference frames, which must ultimately allow for alignment between somatotopic and external re-
presentations of space. Although prior work has shown an important role for cues such as body posture
in influencing the spatial localization of touch, the relative contributions of the different sensory systems
to this process are unknown. In the current study, we had participants perform a tactile temporal order
judgment (TOJ) under different body postures and conditions of sensory deprivation. Specifically, par-
ticipants performed non-speeded judgments about the order of two tactile stimuli presented in rapid
succession on their ankles during conditions in which their legs were either uncrossed or crossed (and
thus bringing somatotopic and external reference frames into conflict). These judgments were made in
the absence of 1) visual, 2) auditory, or 3) combined audio-visual spatial information by blindfolding and/
or placing participants in an anechoic chamber. As expected, results revealed that tactile temporal acuity
was poorer under crossed than uncrossed leg postures. Intriguingly, results also revealed that auditory
and audio-visual deprivation exacerbated the difference in tactile temporal acuity between uncrossed to
crossed leg postures, an effect not seen for visual-only deprivation. Furthermore, the effects under
combined audio-visual deprivation were greater than those seen for auditory deprivation. Collectively,
these results indicate that mechanisms governing the alignment between somatotopic and external
reference frames extend beyond those imposed by body posture to include spatial features conveyed by
the auditory and visual modalities – with a heavier weighting of auditory than visual spatial information.
Thus, sensory modalities conveying exteroceptive spatial information contribute to judgments regarding
the localization of touch.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The multisensory nature of our external world poses a number
of challenges for the central nervous system in decoding the in-
coming information, including the fact that this information is
initially encoded in a variety of reference frames. Visual informa-
tion is first encoded in a frame of reference tied to the retina (i.e.,
retinotopic), auditory information in a frame based on the position
of the head (i.e., craniotopic), and somatosensory information in a
somatotopic reference frame. How these coordinate frameworks
interact in order to solve the problem of accurately locating (and
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acting upon) a stimulus in space is a question of intensive inquiry.
The example of tactile localization, in particular while using a

tactile temporal order (TOJ) task to stimuli delivered on the hands,
has received much attention under this framework. The observa-
tion that participants’ performance in establishing the order with
which tactile stimulation is administered – a task seemingly
achievable without taking body posture into account – is heavily
influenced by proprioceptive information (Yamamoto & Kitazawa
2001a; Shore Spry and Spence, 2002) has resulted in a number of
interpretations regarding the solution to the reference frame
problem.

Kitazawa and colleagues (Yamamoto and Kitazawa, 2001a; Ki-
tazawa, 2002; Kitazawa et al., 2008) suggest that tactile stimula-
tion is processed in space with the assumption of a ‘standard’ (i.e.,
aligned) posture and then projected back onto skin location taking
into account body posture. An interesting line of evidence for this
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space-to-body directionality comes from studies describing the
path of saccades to single tactile stimuli. When a tactile stimulus is
administered to crossed hands, saccades occasionally initiate to-
ward the opposite hand – namely, toward the external space
routinely occupied by the stimulated hand – and correct toward
the appropriate hand mid-action (Overvliet et al., 2011).

Similarly, Shore and colleagues (Shore et al., 2002; Cadieux
et al., 2010) postulate that a tactile stimulus is initially represented
according to its somatotopic location on the skin and only after it
is remapped onto external coordinates. In a crossed hand condi-
tion, the decreased performance in tactile TOJ is presumed to be a
result of a misalignment between the somatotopic and external
spatiotopic coordinate frames. Lastly, Heed, Badde, and colleagues
(Heed et al., 2015; Badde et al., 2014a, 2014b) propose that so-
matotopic and external spatial reference frames are concurrently
active, and that the precise localization of touch in space is de-
termined by integrating across sources of information and ac-
cording to task demands. Their account posits that information is
pooled across different reference frames (with varying weights)
and that TOJ crossing effects reflect this (uneven) integration of
spatial information once the remapping between frames of re-
ference is complete. Noteworthy, hence, is that, although some-
what different in their implementation, all theoretical accounts
posit a transformation process from one reference frame to an-
other (Heed and Azañón, 2014) implying a space-to/from-body
remapping process (e.g., Yamamoto and Kitazawa 2001a; Shore
et al., 2002). Thus, in addition to scrutinizing the bodily aspects
that govern tactile localization (i.e., posture, features of the parti-
cular body part being stimulated), delineating what features of a
particular spatial representation, or even simply what spatial re-
presentations at all (i.e., auditory, visual, both) are implicated in
the process of localizing touch in space is a fundamental question
that remains to be answered.

Whereas the impact of body position on tactile localization has
been well studied, less work has focused on the exteroreceptive
senses and the role that the spatial representation(s) constructed
from these senses play in tactile localization. Intriguingly, whereas
the crossed hands effect occurs in sighted individuals in the ab-
sence of visual information congenitally blind participants are
unaffected by crossing the hands (Röder et al., 2004). Additionally,
individuals who turn blind later in life performed just as the
sighted. Further, crossing effects are weaker, albeit present, when
hands are crossed behind the back in sighted individuals (Kóbor
et al., 2006). These results suggest that whereas visual experience
drives the establishment of a crossing effect, the sustained pre-
sence of vision is not required for it to be demonstrated. Virtually
unknown is the role of the auditory system, as well as how mul-
tisensory audiovisual spatial representations mediate this effect. In
the current study we sought to examine the role of auditory, visual
and combined audiovisual spatial representations on tactile TOJ
performance for both uncrossed (i.e., aligned somatotopic and
external reference frames) and crossed (i.e., misaligned somato-
topic and external reference frame) leg conditions, by examining
performance in the absence of auditory, visual and combined
audiovisual spatial information. This was achieved by placing
participants in an anechoic chamber (auditory absent), blindfold-
ing them (vision absent), or placing them in an anechoic chamber
while blindfolded (audiovisual absent). Prior studies (e.g., Yama-
moto and Kitazawa, 2001) have masked task-relevant sounds due
to tactile stimulation using white noise. We consider our use of the
anechoic environment to be comparable, but not identical, to the
use of white noise in that both mask spatially informative sounds.
These two conditions do differ in that white noise masks all
sounds, including those that are self-generated, whereas the an-
echoic chamber maintains self-generated sounds, sounds that
have been shown to be important in the maintenance of an
implicit body-representation and tactile perception (Tajadura-Ji-
ménez et al., 2012).
2. Materials and methods

2.1. Participants

A total of forty-eight participants took part in this study (20
females, mean age¼19.4371.1, nauditory¼17, nvisual¼15,
naudiovisual¼16). All participants reported normal touch and hear-
ing, and had normal or corrected-to-normal visual acuity. No
participant had a history of either psychiatric or neurological
condition. All participants gave their informed consent to take part
of this study. The protocols were approved by Vanderbilt Uni-
versity Medical Center's Institutional Review Board.

2.2. Materials and apparatus

Tactile stimulation consisted of 10 ms of vibrotactile stimula-
tion delivered on the ankles (medial malleolus) by means of a Pico
Vibe Vibrator Motor (9mm diameter, 25 mm length, 230 Hz, 4 g
amplitude) driven at 3.3 V by an ArduinoTM microcontroller
(http://arduino.cc; Arduino Mega 2560, 16 MHz). Experimental
protocols were carried out by in-house software (ExpyVR, http://
lnco.epfl.ch/expyvr) at 100 Hz. Tactile stimulation was applied on
the ankles in order to minimize a putative auditory occurrence as a
consequence to mechanical tactile stimulation (see Schicke and
Röder, 2006, for a previous account of a tactile TOJ on foot). Fur-
ther, in order to rule out the possibility that vibrotactile stimula-
tion produced an auditory signal that participants were capable of
employing during tactile temporal order judgments we ran a
control experiment in which an independent group of 14 partici-
pants judged the temporal order of tactile stimulation that was not
given to the subjects, but rather to the experimenter. We opted for
this control experiment, as opposed to, say, performing tactile TOJ
with electrical stimulation or simply detaching the vibrotactile
stimulators from the participant (but not placing them on the
experimenter), as this condition most closely matched the puta-
tive auditory signal delivered to participants during vibrotactile
stimulation in the experimental conditions (see below). The ex-
perimenter placed his legs as to mimic the relative ear-leg location
of the participant's legs in the main experiment, and participants
were asked to make their temporal order judgment based not on
vibrotactile stimulation, but on the auditory stimulation associated
with this vibrotactile stimulation. Only the legs uncrossed, and not
crossed, condition was tested, as these conditions are unchanged
vis-à-vis the participants when vibrotactile stimulation is given to
the experimenter and not to the subject. The rest of procedures
followed as for the main experiment (see below). Results indicated
no effect of SOA (p¼0.388) – that is, performance did not increase
with longer auditory SOAs as would be expected if participants
made use of this information in determining temporal order – thus
ruling out the possibility that auditory information from vi-
brotactile stimulation played considerable role in tactile TOJ.

Deprivation of visual spatial information was accomplished by
blindfolding participants for 15 min prior the tactile temporal or-
der judgment (TOJ) task, as well as during the protocol itself. Si-
milarly, reduced far auditory spatial information was accom-
plished by placing participants in an anechoic chamber (ambient
noise¼15 dB(A)) 15 min prior to and during the experiment. Far
environmental audiovisual spatial information was reduced by
combining the two aforementioned approaches.

http://arduino.cc
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2.3. Procedure

A tactile TOJ task was performed where participants were
successively given vibrotactile stimulation on both their ankles,
and were to report (in a non-speeded fashion) which one (left or
right) was stimulated first. The task was conducted both under
conditions of reduced environmental sensory information (audio,
visual, or audio-viusal – as a between-subjects factor) and under
standard environmental sensory conditions (no blindfolding and
ambient noise¼42 dB(A)). Acclimatization to sensory environ-
ments prior to testing was performed by placing the participant in
the given environment 15 min prior to initiation of the protocol.
Additionally, the TOJ task was performed with legs uncrossed and
crossed (in this latter condition misaligning external and soma-
totopy reference frames). Both under crossed and uncrossed leg
conditions, the instructions were always to report which ankle
(and not spatial side) was stimulated first. All subjects carried out
the task in both postures and under standard and reduced sensory
environments, yet the nature of the sensory information impaired
(auditory, visual, or audio-visual) was a between-subjects factor.

Stimuli were presented at stimulus onset asynchronies (SOAs)
of 20, 30, 50, 100, 150, 200, 300, 500, and 1500 ms, each with both
the left (arbitrarily denoted by negative values) and right (arbi-
trarily denoted by positive values) leg stimuli leading. Participants
stood for the duration of the experiment, and their feet were se-
parated by 40 cm (both in crossed and uncrossed conditions).
Stimuli were presented in a randomized order and 20 repetitions
of each condition were effectuated, for a total of 1,440 trials (20
repetitions�18 SOAs�2 postures�2 environmental conditions)
per participant. Inter-trial interval was randomized between 1 and
2 s (uniform distribution, average 1.5 s). The order in which con-
ditions were presented was pseudo-randomized, as was the
manner in which participants crossed their legs (left over right, or
right over left) and responded to tactile stimulation – response
keys were stacked vertically and their mapping (i.e., left leg equal
either top or bottom button) was pseudo-randomized.

2.4. Analysis

Individual participant’s reports (proportion of ‘right first’) were
fitted by means of MATLAB’s glmfit routine (linking function;
‘probit’), and goodness of fit was quantified by a Chi-square test. If
this test was significant for a particular individual – and thus their
data was not successfully fitted by the glmfit routine – their data
were excluded from further statistical analysis. This procedure
resulted in the exclusion of 1 participant in the audio-deprivation
condition, and 2 participants in the visual-deprivation condition.
After this procedure, overall fitting was successful (R2¼0.83). The
standard deviation of this fit was taken to be participant’s just
noticeable difference (JND) – a measure of sensitivity. After ex-
amining JND within sensory deprivation conditions – as a means
of providing a descriptive account of raw data and in order to al-
low for comparison with the existing literature – we examine the
relative contribution of a particular sensory environment to the
localization of touch. For this latter analysis, for each participant's
JND measure under a particular posture (uncrossed or crossed
legs) we subtract the JND-value obtained under the sensory de-
prived condition from that of the standard sensory environment.
Further, in order to specifically address the contribution of a par-
ticular sensory environment to the localization of touch in space
(thus re-aligning external spatiotopic and somatotopic reference
frames) we subtract the aforementioned contribution of the sen-
sory environment under legs uncrossed from that of legs crossed.
In short;
Δ = ( – )

− ( – ) ( )

JND JND JND

JND JND 1

CROSSEDdeprived CROSSEDstandard

UNCROSSEDdeprived UNCROSSEDstandard

Lastly, as TOJ curves do not always result in standard S-shaped
psychometric curves (Yamamoto and Kitazawa, 2001), we probit
transformed reports of ‘right first’ between the SOAs of �100 and
100, and fitted these values with a linear slope (Shore et al., 2002).
Analysis undertaken on the linear slope values indicated the same
pattern of results as did the analysis on standard deviation of the
glmfit. As these procedures are reciprocal, but the regression of
probit transformed values only takes into account a portion of the
data (i.e., small SOAs), we focus our report of the JND values ob-
tained from the GLM fitting procedure.
3. Results

As revealed by a 2 (Sensory Environment; Deprived vs.
Standard)�2 (Posture; Uncrossed vs. Crossed)�3 (Sensory Mod-
ality; Audio, Visual, Audio-Visual) Mixed ANOVA, misaligning ex-
ternal and somatotopic reference frames significantly decreased
participants’ sensitivity (i.e., increased JND; main effect of Posture,
F(1, 44)¼29.499, po0.001, partial η2¼ .401) in judging the order
of tactile stimulation administered on their ankles. Importantly,
these changes in JND were strongly dependent upon the sensory
environment in which participants completed the task, as de-
monstrated by the significant main effect of Sensory Environment
(F(1, 44)¼11.194, p¼0.002, partial η2¼ .203), and perhaps most
importantly, significant interactions between Sensory Environ-
ment and Posture (F(1, 44)¼7.006, p¼0.011, partial η2¼ .237), as
well as between Sensory Environment, Sensory Modality, and
Posture (F(2, 44)¼3.352, p¼0.045, partial η2¼0.183) (see Fig. 1,
means are represented by solid dark lines and individual subject
data in solid semi-transparent lines). In order to further elucidate
the root of the mentioned interactions, we performed a 2 (Sensory
Environment; Deprived vs. Standard)�2 (Posture; Uncrossed vs.
Crossed) within-subject ANOVA on each of the sensory modalities
(audio, visual, audio-visual) separately.

For those individuals in which auditory spatial information was
absent during task performance, the 2 (Sensory Environment;
Deprived vs. Standard)�2 (Posture; Uncrossed vs. Crossed)
within-subject ANOVA on JNDs revealed a significant main effect
of Sensory Environment (F(1, 16)¼13.95, p¼0.002, partial
η2¼0.46; Deprived, M¼442.59 ms, S.E.¼80.90 ms; Standard
M¼215.77 ms, S.E.¼38.66 ms) and a main effect of Posture (F(1,
16)¼18.21, p¼0.002, η2¼0.64; Crossed M¼452.13 ms, S.
E¼71.60 ms; Uncrossed, M¼206.22 ms, S.E.¼40.14 ms). In addi-
tion, the results showed a significant Sensory En-
vironment� Posture interaction (F(1, 16)¼5.19, p¼0.037, partial
η2¼0.24). For participants that were deprived of auditory spatial
information, results demonstrated that both under the Uncrossed
and Crossed both postures, sensitivity was better under the stan-
dard than the deprived sensory environment (Uncrossed and
Crossed, respectively, p¼0.031 and p¼0.009). Thus, though per-
formance not only in the Crossed but also the Uncrossed condition
was affected by sensory deprivation, the significant Sensory En-
vironment� Posture interaction is seemingly explained by a det-
riment in tactile localization under a deprived audio-spatial sen-
sory environment, particularly when limbs are crossed.

With regard to the deprivation of visual information, the
within-subjects ANOVA demonstrated a significant main effect of
Posture (F(1,13)¼11.48, p¼0.005, partial η2¼0.46; Crossed
M¼514.85 ms, S.E.¼79.48 ms; Uncrossed M¼233.10 ms, S.
E.¼40.90 ms), but no main effect of Sensory Environment (F(1,
13)¼0.061, p¼0.801; Deprived M¼361.46 ms, S.E¼69.74 ms;
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Fig. 1. Tactile temporal order judgment (TOJ) performance as a function of posture (legs uncrossed – left panels; legs crossed – right panels) and sensory environment
(standard sensory environment – in black; deprived environment with absence of spatial information in the auditory (red), visual (blue), or audiovisual (green) domains).
The proportion of ‘right first’ responses (y-axis) is plotted as a function of SOA (negative values indicating left-leading tactile stimulation and positive values indicating right-
leading tactile administration). Solid lines represent the sample mean, while dashed lines represent individual participants data. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Standard M¼386.50 ms, S.E.¼69.09 ms), nor an interaction be-
tween these variables (F(1, 13)¼0.192, p¼0.669).

In the case of audiovisual multisensory deprivation, the within-
subjects ANOVA demonstrated a significant main effect of Posture
(F(1, 15)¼21.57, po0.001, partial η2¼0.59; Crossed M¼603.90 ms,
S.E.¼92.26 ms; Uncrossed M¼224.18 ms, S.E.¼35.44 ms), as well
as a main effect of Sensory Environment (F(1, 15)¼10.68, p¼0.005,
partial η2¼0.41; Deprived M¼548.68 ms, S.E.¼93.41 ms; Stan-
dard M¼279.40 ms, S.E.¼33.08 ms), and an interaction between
these conditions (F(1, 15)¼6.93, p¼0.019, partial η2¼0.69). Find-
ings demonstrated that the interaction between Sensory En-
vironment and Posture for these participants was driven by a
significant decline in performance when limbs were crossed
(p¼0.006). In contrast, there was no effect when the limbs were
uncrossed (p¼0.896).

The relative contributions of the different sensory manipula-
tions to changes in the JND during the tactile localization task
when external spatial and bodily-centered reference frames are
misaligned was calculated as stated in Eq. (1) (see above), and
compared across conditions by means of a between-subjects one-
way ANOVA. As illustrated in Fig. 2b, this analysis revealed a sig-
nificant difference between Sensory Environment groups (F(2,
44)¼3.352, p¼0.045, partial η2¼0.183), which was driven by a
significant difference between the auditory (red) and audiovisual
(green) conditions (t(28)¼2.078, p¼0.047, partial η2¼0.177 –

Bonferroni-corrected), as well as between the visual (blue) and
audiovisual conditions (t(26)¼2.146, p¼0.041, partial η2¼0.235 –

Bonferroni-corrected). One-sample t-tests revealed that the JND
changes were significantly different from zero when the external
spatiotopic and somatotopic reference frames were misaligned in
audiovisual and auditory deprived conditions, but not in the visual
deprived condition (audiovisual t¼3.244, p¼0.008; auditory
t¼1.983, p¼0.048; visual t¼0.963, p¼0.862).
4. Discussion

The present study investigated how non-informative auditory
and visual information contribute to the spatial localization of
touch. The results of the current study shed important new light
on how external spatial representations (i.e., those built by vision
and audition) can influence judgments about a touch to the body,
with a specific emphasis on changes when the somatotopic and
external coordinate frames are placed in conflict (in this case, by
crossing the legs). Interestingly, the results reveal a dramatic dif-
ference between the removal of visual (via blindfolding) and au-
ditory (via placing subjects in an anechoic environment) spatial
information. In addition, the results reveal that the most impactful
situation (i.e., detrimental to tactile localization) is one in which
combined audiovisual information is removed. Thus, whereas the
absence of visual spatial information had little impact on tactile
localization, when combined with the absence of auditory spatial
information, blindfolding accentuated the effects relative to audi-
tory alone manipulations. Hence, in answer to the overarching
question as to which type of spatial information (auditory, visual,
audio-visual) is remapped/integrated onto/with somatosensory
anatomical locations under the context of tactile localization, the
answer appears to be both auditory and audio-visual. The



Δ
JN

D
(m

s)
*

*

**

Fig. 2. Change JND when spatiotopic and somatotopic reference frames are mis-
aligned as a function of the sensory modality/modalities (auditory (red), visual
(blue), or audiovisual (green)) in which spatial information is reduced. Error bars
represent S.E.M, * indicated po0.05, and ** indicate po0.01). (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

J.-P. Noel, M. Wallace / Neuropsychologia 82 (2016) 84–9088
directionality of the effect (i.e., detriment versus benefit under
exteroceptive sensory deprivation) may seem surprising given that
each of the sensory systems are taken to be referenced on distinct
frames. Thus it would seem that removal of a sensory modality
with a conflicting reference frame should facilitate rather than
hinder anatomical tactile localization. On the other hand, it is well
know that in the “near” space (that is, space near the body or a
particular body part), both visual and auditory information may be
mapped in a body-centered fashion (Graziano et al., 1997, 1999),
and thus may provide redundant rather than conflicting
information.

One of the most robust effects here was that the removal of
auditory spatial information decreased the sensitivity with which
participants were able to carry out the tactile temporal order
judgment (TOJ) task, as evidenced by changes in JND. From a
control standpoint, it must be pointed out that this was true both
for the case when participants crossed and did not cross their legs,
further excluding the possibility that sound stimuli (as a con-
sequence of virbrotactile stimulation in the anechoic chamber)
reached a threshold (in order to aid tactile TOJ inside the anechoic
room) only when paired with tactile stimuli-(the possibility of
auditory stimuli contributing to tactile TOJ even in the absence of
tactile stimulation being excluded by the control experiment
mentioned above). From an experimental point of view, although
not directly a spatial judgment, the TOJ task can and has been
extensively employed as a proxy for spatial processing, as parti-
cipants need to decide whether the left or right ankle was sti-
mulated first (Schicke and Roder, 2006; Heed et al., 2012). We
believe that the finding that tactile TOJ is impaired under a con-
dition in which there is no informative auditory spatial signals is in
keeping with evidence that the auditory modality is the most
temporally reliable modality (Repp and Penel 2002; Bertelson and
Aschersleben, 2003; Guttman et al., 2005 – perhaps in particular
when paired with the somatosensory system-see Noel et al.,
2015b), and that this high degree of temporal acuity is mediating
the greater influences of audition as demonstrated in this task.
Future work should seek to verify and extend these findings in the
context of a more “pure” spatial task. In addition, it remains un-
clear from a tactile temporal order judgment standpoint whether
placing participants in an acoustically deprived and spatially un-
informative environment such as an anechoic chamber is equiva-
lent to simply administering white noise in order to mask sounds.
Placing participants in an anechoic chamber selectively eliminates
exteroceptive sounds, while internally generated sounds (e.g.,
gastrointestinal) remain. Thus, by noting that self-generated
sounds contribute to building a body representation (Tajadura-Ji-
menez et al., 2012) it is conceivable that the crossed legs condition
is further impaired in an anechoic room than it would be under
white noise administration. This is due to the fact that the stronger
the body representation, the stronger will be the conflict between
a reference frame grounded on the body (somatotopic) and a re-
ference frame with external coordinates (spatiotopic) when limbs
are crossed over the midline. This hypothesis, nonetheless, re-
mains to be tested.

The results seen in the absence of spatially informative visual
signals are in keeping with prior work in showing the presence of
a crossing effect even in the absence of visual information (Roder
et al., 2004) and reinforce that these crossing effects appear to be
similar with and without vision. Additionally, they extend the
existing literature (on hands and feet) to the case of the ankles,
and illustrate that although on its own the visual spatial re-
presentation does not significantly contribute to tactile spatial
localization (at least under the context of a tactile TOJ task), it does
play an important role when working in concert with auditory
spatial representation.

Finally, the current results show that the largest effects on
tactile TOJ sensitivity (JND) between uncrossed and crossed con-
ditions is seen for combined audiovisual deprivation. These results
are intriguing in that the effects exceed those seen for auditory
deprivation alone, suggesting that an integrated audiovisual spa-
tial representation is playing the strongest role in shaping the
tactile judgments being measured here. Qualitatively, the effect on
tactile TOJ sensitivity (JND) between crossed and uncrossed pos-
tures was greater under the audiovisual deprivation than would
have been predicted based on adding the effects of auditory and
visual deprivations alone. Unfortunately, a limitation of the current
study is that auditory, visual, and audiovisual deprivation were
carried out as a between-subject variable, and thus quantitative
analysis based on independent/dependent channel models (e.g.,
additivity, supra-additivity) is not feasible.

Vision has been suggested to predominate over other sensory
modalities with regard to spatial processing, an idea captured well
within the multisensory field by the “modality appropriateness
hypothesis,” which argues that vision outperforms audition on
spatial tasks and that audition outperforms vision on temporal
tasks (Welch and Warren, 1980; Alais and Burr, 2004). Further-
more, vision is well established to play a central role in sensor-
imotor coordination, as the location of reaching targets within
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peripersonal space is often encoded in eye-centered coordinates
regardless of the target modality and the effectors to be used
(Cohen and Andersen, 2000; but see Bernier and Grafton, 2010, for
fMRI data evidencing flexibility in reference frame representation
for motor action according to sensory context). Accordingly, some
have suggested that the external reference frame utilized by the
tactile system may be visual in nature (Batista et al., 1999). How-
ever, it is entirely possible that the nature of the external co-
ordinates used to encode tactile stimuli in space is task-dependent
(see Badde et al., 2014a, 2014b, for top-down modulation on TOJ).
In the current case of a tactile temporal order judgment task in
which the somatotopic reference frame is either aligned or mis-
aligned with the external reference frame, both spatial and tem-
poral factors are of vital significance. In such a scenario, the in-
tegration of the visual spatial representation onto the body re-
presentation (i.e., skin) would be important in solving the spatial
demands of the task (i.e., left or right), whereas the integration of
auditory spatial representation would contribute to the temporal
component of the task (i.e., which came first). This account is well
in line with recent evidence that TOJ limb crossing effects index
the weighted integration of information across distinct reference
frames (Heed et al., 2015). That is, it is conceivable that the
audiovisual deprivation was the most detrimental as it en-
compassed both the primary frame of reference for spatial tasks
(the visual frame of reference) and the primary frame of reference
for temporal tasks (the auditory frame of reference). The con-
jecture that deprivation induced a change in the weighting of
anatomical and external coordinates (namely, increased weighting
for the anatomical coordinates) illuminates why a deprivation ef-
fect was selectively revealed when limbs were crossed – because it
puts the external and anatomical reference frames in conflict.

The existence in non-human primates of not only visuo-tactile
(Graziano Cooke and Taylor, 2000), but also audio-tactile (Gra-
ziano Reiss and Gross, 1999; Serino et al.,2015) receptive fields
encoding both the body and the space immediately surrounding
the body, as well as the demonstration of speeded tactile proces-
sing in humans when auditory stimuli are close to the body (Noel
et al., 2014, 2015a;Galli et al., 2015) support the possibility of a
network implementing a system projecting and/or integrating
both an auditory and visual spatial representation onto the body.

Indeed, in the context of the TOJ task, studies have demon-
strated that the crossing effect is not only apparent when crossing
body parts, but also when crossing tools while keeping the body
parts uncrossed (Yamamoto and Kitazawa, 2001b). This suggests
that spatial features beyond posture are remapped/integrated and
weighted when localizing touch, and imply that crossing effects
are at least partially reliant on neural networks instantiating the
enlargement of multisensory receptive fields during tool-use.
Evidence for such representational changes appear to center on
regions within the intraparietal cortex (Maravita and Iriki, 2004).
The current findings extend on those suggesting that spatial fea-
tures beyond the body are important during tactile localization by
specifically demonstrating that tactile TOJ is most altered under
conditions in which combined audiovisual – as opposed to its
constituent unisensory auditory and visual – spatial information is
temporarily absent.

This final observation is important in regard to the timescales
of the observed effects. As previously described, early visual ex-
perience is necessary for the crossing effect during tactile TOJ
(Roder et al., 2004). However, as shown here and in other studies
(Kobor, 2006; Ley et al., 2013), tactile TOJ crossing effects do not
necessitate visual experience beyond that received early in de-
velopment. In contrast, the current results suggest that recent
auditory and audiovisual experience is important for the tactile
TOJ judgment, suggesting that whereas early visual experience is
necessary for the instantiation of the crossing effect, the active
maintenance and/or fine-tuning of the effect is dependent on ac-
cess to immediate auditory and audiovisual spatial representa-
tions. The concept of the importance of current sensory re-
presentations for tactile localization is in keeping with recent
evidence that such performance is rapidly and dynamically tuned
according to recent sensory experience (Azañón et al., 2015).
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