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Several studies conducted in mammals and humans have shown that multisensory processing may be impaired following
congenital sensory loss and in particular if no experience is achieved within specific early developmental time windows
known as sensitive periods. In this study we investigated whether basic multisensory abilities are impaired in hearing-
restored individuals with deafness acquired at different stages of development. To this aim, we tested congenitally and late
deaf cochlear implant (Cl) recipients, age-matched with two groups of hearing controls, on an audio-tactile redundancy
paradigm, in which reaction times to unimodal and crossmodal redundant signals were measured. Our results showed that
both congenitally and late deaf Cl recipients were able to integrate audio-tactile stimuli, suggesting that congenital and
acquired deafness does not prevent the development and recovery of basic multisensory processing. However, we found
that congenitally deaf Cl recipients had a lower multisensory gain compared to their matched controls, which may be
explained by their faster responses to tactile stimuli. We discuss this finding in the context of reorganisation of the sensory
systems following sensory loss and the possibility that these changes cannot be “rewired” through auditory reafferentation.
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Introduction

Neurophysiological studies conducted in mammals have shown
that multisensory neurons and the ability to integrate crossmodal
information require an extensive time of sensory experience during
early development in order to fully mature [1,2]. This predicts that
sensory deprivation may impair multisensory processing, as has
been extensively documented in visually deprived animals [3,4]
and in blind humans too [5,8]. In particular, [5] have suggested
that there may be a sensitive period for the development of
multisensory integration, after which — if adequate experience has
not been made - multisensory processing will remain impaired.

The closing of these sensitive periods is in line with a regressive
notion of a developmental process known as ‘“‘perceptual
narrowing” [6]. One of the prevailing theories of brain
development is that human infants are born with the ability to
sense a broader variety of stimuli than later in life [28]. Special
experience available in the environment results in the functional
tuning of neural systems and the emergence of expert systems. In
parallel, the ability to discriminate and perceive unexplored stimuli
within the same domain is lost. For example, [29] showed that
within the first year of life, there is an increase in performance for
the native language and a decline in non-native perception over
the same period of time. The same pattern has been observed for
multisensory perception too [7]. Indeed, [7] presented 4-, 6-, 8-
and 10-month old infants with two side-by-side faces of a monkey
producing two different species-specific calls (i.e., “coo” and
“grunt”). The faces were presented either alone or concurrently

PLOS ONE | www.plosone.org

with the matching call. Four- and 6-month-old infants were found
to look longer at the matching audio-visual stimulus compared to
the presentation of the face alone. On the contrary, older infants
did not show any looking preference, suggesting the inability to
match non-native faces and calls.

Both experiments suggest that perceptual narrowing shapes our
perceptual expertise and that the time window for building up
such expertise seems to close early in development constraining
multisensory learning in adulthood.

Furthermore, it has been shown that broadly tuned basic
multisensory abilities, such as intersensory synchrony, is present at
birth and puts the basis for the development of other basic features
of multimodal temporal experience (e.g., temporal synchrony,
duration, temporal rate, and rhythm, see [31] for a review) as
development progresses [6]. This suggests that atypical sensory
experience may result in altered multisensory processes that
require functional tuning (multisensory perceptual narrowing) and
thus altered multisensory functions [23]. Indeed, a study [9] on
individuals with a history of congenital cataracts which were
removed between six weeks and three years employed a simple
detection task for crossmodal stimuli, including combinations of
audio-visual, audio-tactile and visuo-tactile stimuli. Results showed
that cataract patients benefitted from redundant stimulation over
unimodal stimulation (e.g., audio-visual together vs. visual alone)
comparably to normally sighted and visually impaired controls,
suggesting that basic multisensory processing, such as simultaneity
detection, is not disrupted following congenital visual loss. In
contrast, for functions, which seem to rely on multisensory,
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experience based tuning (i.e., higher level perceptual abilities), [5]
found that congenital cataract patients did not show any
multisensory gain. Indeed, these individuals were not able to
improve auditory speech comprehension by reading congruent lip
movements, although they were able to lipread.

The consequences of auditory deprivation have started receiv-
ing larger attention in the past twenty years (for a review see [13]),
newly triggered by to the possibility of partially restoring auditory
functions through a cochlear implant (CI). A CI is a surgically
implanted electronic device that allows deaf individuals to perceive
auditory input to some degree. Similarly as cataract patients, these
individuals allow us to investigate the developmental consequences
of an early or late sensory deprivation on multisensory functions
(depending on age at deafness onset and age at CI implantation).

Most of the research interested in multisensory processing in CI
recipients has focused on audio-visual interactions for speech
comprehension, likely because the main aim of the CI is allowing
recipients to communicate with other people. For example, [10]
investigated the ability of late deaf CI recipients to fuse audio-
visual information in the McGurk task, a classical demonstration
of how visual speech can modify audition when presented with an
incongruent auditory signal (e.g., presenting a spoken syllable/ba/
matched with synchronous lips pronouncing the syllable/ga/, is
often perceived as a third syllable:/da/). The authors found that
adult CI recipients were able to fuse the incongruent crossmodal
information to the same degree as controls did, in line with results
of [11], who tested a group of congenitally deaf CI children on the
same task. However, [11] documented audio-visual fusion only in
children, who had received a CI before age 2.5 years but not in
children who had received their implants later. This result suggests
the existence of a sensitive period for the acquisition of audio-
visual speech integration. Similarly, [12] investigated audio-visual
integration for simple stimuli in early deaf CI children (i.e., who
became deaf within their first year of life) who were fitted with
their CI either early (between 1 and 4 years of age) or late
(between 5 and 10 years of age). They employed a simple detection
task, in which reaction times to auditory and visual stimuli were
measured when presented alone or concurrently. The authors
found that while early implanted CI children gained from cross-
modal redundant stimulation similarly to hearing controls, late
mmplanted CI children did not. These results suggest, in line with
[11] that typical auditory experience within a sensitive period
during the first years of life is necessary in order to develop
unimpaired multisensory functions. Thus, it might be assumed
that the tuning of crossmodal simultaneity detection depends on
experience within the first years of life as well (note that the
participants of [5] were mostly deprived for a few months only).

Opverall, it appears that most studies in deaf CI recipients have
investigated audio-visual integration, possibly because audio-visual
integration is crucial in the context of speech perception.
However, audio-tactile integration is important in many everyday
situations as well, for example in the context of temporal
perception, action control and object recognition [27,30].
Furthermore, audio-tactile interactions represent another case to
observe possible plastic reorganisation in the deaf brain. As has
been previously shown for visually deprived individuals [3,4], it
might be that multisensory areas reorganise following auditory
deprivation for the processing of visual and tactile stimuli. In other
words, auditory input reaching multisensory areas after the closing
of sensitive phases in development might not be able to establish
contacts with neither the visual nor the tactile mputs, thus
explaining the presence of impaired crossmodal interactions. For
CI recipients, this would translate into showing impaired cross-
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modal interactions if CI implantation does not take place before
the closing of sensitive phases.

To our knowledge, there is only one study that has addressed
audio-tactile integration in CI recipients [15]. In this study, the
authors employed an audio-tactile illusion, in which participants
commonly perceive additional tactile stimuli when one touch is
accompanied multiple successive sounds (see [16]). Results
revealed that whereas hearing controls perceived the illusion, CI
recipients did not; that is, the latter group did not show any sign of
integration capability. Furthermore, the authors suggested that
temporary auditory deprivation impairs multisensory integration
even if deafness had not occurred at birth, since no difference was
found between congenitally and late deaf CI recipients.

The findings of [15] overall suggest that prolonged deatness,
irrespective of age at onset, impairs integration of audio-tactile
stimuli. This is in contrast with other results showing that CI
recipients with congenital onset and early surgery or late deafness
are able to fuse incongruent audio-visual information ([11,10] or
are even better integrators of auditory and visual speech signals,
respectively [17].

In the present study we investigated whether multisensory
abilities relying on simultaneity detection develop typically or are
impaired following temporary deafness acquired at different stages
of development. To this aim, we tested congenitally and late deaf
CI recipients, age-matched with a group of hearing controls, on an
audio-tactile redundancy paradigm, in which reaction times for
unisensory and crossmodal redundant signals were measured.
Commonly, healthy adults show faster reaction times for
redundant targets compared to unimodal stimuli [18], and this
has been generally explained by coactivation models [18]. These
models assume that faster reaction times for redundant signals
result from an integration of the two sensory channels at some
processing stage, and not by one sensory channel “winning the
race” over the other (race model, [19]). [18] has proposed a race
model inequality test, in which reaction times to bimodal
stimulation can be assessed as deriving from integration or mere
statistical facilitation (i.e., violation or non-violation of the race
model, respectively).

Because the redundant target effect makes use of synchronous
stimuli only, we assumed it to be the ideal paradigm to document
whether CI recipients are able to integrate audio-tactile informa-
tion. If experience is necessary to further shape at birth broadly
tuned multisensory integration processes, we would expect only -
or at least higher - redundancy gains in late deaf CI recipients with
respect to congenitally deaf CI recipients.

Method

Participants

Ten congenitally (5 female; mean age: 25 years, range: 20-37)
and ten late deaf CI recipients (4 female; mean age: 48 years,
range: 23-59) participated in this study. The ten age-matched
controls for the congenitally deaf CI recipients (MCCD from now
on) comprised 7 females and 3 males (mean age: 24 years, range:
20-38), while the ten age-matched controls for the late deaf CI
recipients (MCLD from now on) comprised 5 females and 5 males
(mean age: 41, range: 20-57).

The CI recipients were recruited through local advertising and
some of the late deaf CI recipients were recruited at the Medical
School in Hannover (Germany). All CI recipients were profoundly
deaf (>90 dB) in both ears before receiving their CI. While the
congenitally deaf CI recipients became deaf at birth or immedi-
ately after, the late deaf CI recipients became deaf at different ages
during development, ranging between 7 and 42 years of age. For
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Figure 1. RT for unimodal auditory, unimodal tactile and bimodal. Mean reaction times (in ms, with error bars indicating the standard error)
for each condition (unimodal auditory, unimodal tactile and audio-tactile), separately for the group of congenitally deaf Cl recipients and their age-
matched controls (left panel), and late deaf Cl recipients and their age-matched controls (right panel). Note that despite all participants being faster
for bimodal compared to unimodal stimuli, congenitally deaf Cl recipients were faster for unimodal tactile stimuli compared their matched controls.

doi:10.1371/journal.pone.0099606.g001

the congenitally deaf CI recipients, implantation occurred at
different ages during development, ranging between 2 and 33
years of age. For the late deaf CI recipients, age at implantation
occurred in adulthood only, ranging between 19 and 54 years of
age. The CI recipients had had on average 10 years of experience
with their implant prior to testing (range: 1-23 years). Although
the cause of deafness was unknown for most CI participants, we
only recruited participants for which possibilities of cognitive
impairment could be excluded (e.g., as a consequence of
meningitis).

Further details about the participants, including aetiology of
deafness, type of device implanted, ear implanted, age at first CI
implant (i.e., in case of bilateral sequential CI, we refer to the age
at which the first CI was implanted; no CI recipients was
implanted simultaneously), years of experience with the CI and
years of CI use are reported in Table 1.
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Figure 2. Correlation between unisensory tactile stimuli and
age at deafness onset. Reaction times (in ms) to unisensory tactile
stimuli as a function of age at deafness onset (in years).
doi:10.1371/journal.pone.0099606.g002
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All participants had normal or corrected-to-normal vision,
reported normal sensitivity to their fingertips and had no
neurological impairment.

All participants provided written informed consent before being
tested and received a reimbursement for their time and expenses
associated with the testing, which took place in a room of the
laboratory at the University of Hamburg or in one of the rooms of
the Medical School of Hannover.

The study was approved by the ethical commission of the
German Society of Psychology and the Medical School of
Hannover. The study was conducted according to the principles
expressed in the Declaration of Helsinki.

Stimuli and Procedure

The auditory stimulus consisted of a 50 ms burst of white noise
at 80 dB and was presented from two loudspeakers (Bose,
Multimedia Speaker System) positioned side-by-side 60 cm in
front of the participant.

Tactile stimuli were 50 ms vibrations of plastic cubes at the left
index finger controlled by cell phone motors with a direct current,
with a tuning frequency of 200 Hz. To ensure spatial proximity of
the stimuli, participants were asked to keep their left hand close to
the loudspeakers throughout the experiment. To mask the faint
noise generated by the tactile stimulators, all participants wore
closed headphones throughout the experiment. For CI partici-
pants, the sound pressure of the auditory stimulus was adjusted to
a comfortable level.

During the experiment, participants were presented with 180
unimodal auditory, 180 unimodal tactile and 180 audio-tactile
stimuli divided in two blocks and presented in random order at
1000 or 2000 ms intervals. In addition, 36 catch trials (i.e., no
stimulus presented) were included to prevent participants from
guessing the onset of the upcoming stimulus. The task for all
participants simply consisted of pressing the space bar of the
computer keyboard each time a stimulus was perceived. Trials
with a stimulus, in which no response was provided, were
considered as “miss”. Trials without a stimulus but with a
response were counted as “false alarm”. Participants were allowed
to take breaks between the two blocks. The experiment took
approximately 20 minutes to complete and before the start
participants were familiarized with the experiment by training
them on a set of 36 trials.
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Figure 3. Redundancy gains (in ms). Redundancy gains for each participant (in ms), computed as the difference between the mean reaction
times of bimodal stimuli and the fastest unimodal stimuli. Note that congenitally but not late deaf Cl recipients showed lower redundancy gains

compared to their matched controls.
doi:10.1371/journal.pone.0099606.g003

Data Analysis

We measured reaction times for all conditions (unimodal
auditory, unimodal tactile and audio-tactile) for each participant.
For all controls, the number of “misses” and “false alarms” was
negligible (maximum of 2 for each condition). For CI participants,
“misses” were on average below 3% and were not further
analysed. “False alarms” were negligible (maximum 3 for each
condition).
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Figure 4. Correlation between redundancy gain and age at
deafness onset. Redundancy gains (in ms) plotted as a function of
age at deafness onset (in years).
doi:10.1371/journal.pone.0099606.g004
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For each group, we calculated a repeated-measures ANOVA
with Condition (single auditory, single tactile and bimodal stimuli)
as the within-participants factor and reaction times as dependent
variable. To assess the redundant target effect and reaction time
differences in the different conditions we used Helmert contrasts
[26].

To compare the two groups (congenitally and late deaf CI users)
we ran two separate repeated-measures ANOVAS for congenitally
deaf CI recipients and their matched controls, and for late deaf CI
recipients and their matched controls, with Condition as the
within-participants factor, Group as the between-participants
factor and reaction times as the dependent variable. Furthermore,
we ran independent samples t-tests to compare performance of
congenitally and late deaf CI recipients to their matched controls
for each condition. To assess whether the redundancy gain
differed between groups, we calculated the difference between the
mean reaction times in the bimodal condition and the fastest
reaction time of the two unimodal stimuli with independent-
samples t-test. Finally, we correlated the redundancy gain with age
at deafness onset, years of deafness, age at CI implantation and
years of CI use. While for the factor “age at deafness onset” the
performance of all CI recipients was included, for the other factors
we conducted separate correlations for each group of CI
recipients.

To assess whether faster responses in bimodal trials can be
explained by integration of redundant input, we used the RMITest
(http://psy.otago.ac.nz/miller/Software.htm#RMITest), which
tests for violations of the race model inequality described by [15]
by implementing the algorithm described in [20]. More precisely,
it estimates the cumulative probability distributions of the reaction
times for each condition and tests whether the bimodal condition
is significantly faster than the race model predicts.
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Figure 5. Multisensory facilitation indexed by violation of the race model. Cumulative distribution functions for response time to
unisensory auditory and tactile stimuli and crossmodal stimuli for a. congenital deaf Cl recipients and their age-matched controls and b. late deaf Cl
recipients and their age-matched controls. The filled black line indicates the summed proportions to unimodal stimuli (a+t, race model), at the
violation of the race model, and a and t the responses to single auditory and tactile stimuli, respectively.

doi:10.1371/journal.pone.0099606.9005

In 1962, [19] proposed the well-known race model to explain
why redundant targets speed up the response of most healthy
participants with respect to responses to unimodal stimuli.
According to this model, each signal activates a separate process
that will lead one of the two to “win the race”, so that faster
reaction times for bimodal stimulation end up being the expression
of one of the two unimodal signals, hence to what it’s called a
“statistical facilitation”.

However, [18] proposed the race model inequality (RMI), by
which a violation of the inequality between redundant stimuli and
the sum of unimodal stimuli should be interpreted as integration of
the sensory information by neural summation (also called “co-
activation mechanism”).

PLOS ONE | www.plosone.org

Therefore, for each group we tested whether the race model was
violated at 10 different points (percentiles) on the cumulative
distribution of their reaction times. Additionally, we compared
distributions of the fastest unisensory signal and redundant targets
between groups for each percentile.

Finally, to compare the amount of RMI violations between
groups, we calculated the amount of violation area for each
participant (computed as the difference between the minima
obtained from the two unisensory signals using the method of
antithetic variates and the mean reaction time in the redundant
signals; see [21]), and compared the groups by means of
independent samples t-tests. A negative or zero value of the
violation area indicates that the amount of observed facilitation (in

6 June 2014 | Volume 9 | Issue 6 | €99606



terms of reaction times) is likely explained by the race model; on
the contrary, positive values cannot be explained by the race
model. The amount of violation was also correlated to the
aforementioned factors (age at deafness onset, age at implant,
years of deafness and years of CI use).

Results

One congenitally deaf CI recipient had to be discarded from the
analyses because her reaction times were three standard deviations
above mean. The number of MCCD was not modified because
the matching participant had an age that was compatible with the
mean age of the group.

Figure 1 shows mean reaction times for each group in the
unimodal and bimodal conditions. For each group, mean reaction
times significantly differed between conditions (congenitally deaf C1
reciprents: F(1.4, 10.8) = 26.5, p<0.001, effect size an =0.8; late deaf
CI recipients: F(1.6, 14.4)=33.6, p<<0.001, effect size 1’]p2=0‘8;
MCCD: F(1.4,12.2)=25.7, p<0.001, effect size np2 =0.7; MCLD:
F(1.3, 11.8)=22.0, p<0.001, effect size ‘r]p2:O.7), and for each
group reaction times to bimodal stimuli were faster compared to
unimodal stimuli (congenitally deaf CI recipients: F(1, 8)=32.9, p<
0.001, effect size np2:0.8; late deaf CI recipients: F(1, 9)=27.4,
p=0.001, effect size np2:0.7; MCCD: F(1, 9)=10.4, p=0.01,
effect size np2:0.5; MCLD: F(1, 9)=6.2, p=0.03, effect size

2_

N, =0.4).

In particular, for the MCCD the bimodal condition was faster
compared to the tactile (t(9)=8.9, p<<0.001, d=5.6) and the
auditory condition (t(9)=6.7, p<0.001, d=4.2) while the two
unimodal conditions did not differ (p=0.7). Similarly, for the
MCLD the bimodal condition was faster compared to the tactile
(((9)=6.0, p<0.001, effect size d = 3.8) and the auditory condition
(1(9)=8.8, p<<0.001, effect size d=5.6) while the two unimodal
conditions did not differ (p =0.4).

On the contrary, for the congenitally deaf CI recipients, not
only was the bimodal condition faster compared to the tactile
(t8)=2.6, p=0.03, effect size d=1.7) and auditory condition
(t(8)=17.7, p<0.001, effect size d=5.1), but also the two unimodal
conditions differed (t(8) = 4.0, p = 0.004, effect size d =2.7), in that
this group responded faster to tactile than to auditory stimuli
(251 ms (SE=15) vs. 286 ms (SE = 14), respectively). Similarly,
late deaf CI recipients showed faster reaction times for bimodal
compared to the tactile (t(9) = 7.0, p<0.001, effect size d = 4.4) and
auditory condition (t(9)=8.1, p<<0.001, effect size d=5.1) and
faster reaction times for tactile than auditory stimuli (309 ms
(SE=14) vs. 331 ms (SE=11), respectively; t(9)=2.3, p=0.05,
effect size d =1.5).

In order to compare the two groups (congenitally and late deaf
CI recipients), we ran two separate ANOVAS for each group
matched with its control group (congenitally deaf CI vs. MCCD
and late deaf CI vs. MCLD). The comparison between
congenitally deaf CI recipients and MCCD revealed a main effect
of condition (F(1.4, 23.1)=45.7, p<0.001, effect size T]p2=0.7)
and a significant interaction between condition and group (F(1.4,
23.1)=6.4, p=0.01, effect size np2 = 0.3) but no significant group
effect (p=0.2). Independent-samples t-tests showed that congen-
itally deaf CI were faster for unimodal tactile stimuli only
compared to their matched controls (t(17)=2.3, p=0.03, effect
size d=1.1).

On the contrary, the comparison between late deaf CI
recipients and their matched controls revealed a significant main
effect of Condition (F(1.5, 27.8)=50.6, p<<0.001, effect size
np2=0.3) but only a marginally significant interaction between
Condition and Group (F(1.5, 27.8)=3.3, p=0.06, effect size
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T’po =0.2). Moreover, independent samples t-tests showed no
difference for any condition between groups.

To document whether faster responses to tactile stimuli are
influenced by age at deafness onset, years of deafness, age at
implantation or years of CI use, we correlated these factors with
the mean response to unimodal tactile stimuli. To avoid confounds
(i.e., our congenital and late deaf CI recipients have different
characteristics, such as age, and age at implantation is statistically
different between groups) only for age at deafness onset the
correlation was made between both groups and their reaction
times. For the other factors, analyses were kept separate. Note,
that age at implantation and years of deafness have the same
numerical value for congenitally deaf CI, so that disambiguating
the role of these two factors is rather difficult.

Figure 2 shows that only age at deafness onset (r=0.56, n=19,
p=0.01) was a significant factor, while all others did not explain
our results. However, it is worth noting that years of CI use
showed a trend towards significance for the late deaf CI recipients
(r=-0.57, n=10, p=0.09), in that reaction times to tactile
stimuli tend to get faster the longer the CI recipients has worn his
implant.

Figure 3 shows redundancy gains for each participant,
separately for group. Between groups analyses (congenitally deaf
CI vs. MCCD and late deaf CI vs. MCLD) showed redundancy
gains differences, specifically between congenitally deaf CI
recipients and their matched controls (t(17) = 3.8, p=0.001, effect
size d=1.8), caused by lower redundancy gains in congenitally
deaf’ CI recipients compared to their matched controls (mean:
13 ms (SE=4.5), vs. 38 ms (SE=4.1), respectively). On the
contrary, we found no difference between late deaf CI recipients
and their matched controls. Furthermore, the correlations (see
Tig. 4) proved significant for age at deafness onset only (r=0.53,
n=19, p=0.02).

To document whether there is a trade-off between redundancy
gain and reaction times to unimodal tactile stimuli (i.e., shorter
reaction times to tactile stimuli parallel lower multisensory gains),
we correlated these two factors separately for congenitally and late
deaf CI recipients. We found a significant correlation for the
congenitally (r=0.7, n=9, p=0.05) but not for the late deaf CI
recipients (r =0.6, n=10, p=10.07).

The race model inequality test revealed a significant violation of
the race model assumption in all three groups (see Fig. 5). It is
worth noting that the violation of the race model occurred in the
third percentile for the MCCD, in the first 4 percentiles for the
MCLD, in the first percentile for the congenitally deaf CI
recipients and in the first five percentiles for the late deaf CI
recipients. However, we found no difference in the amount of
violation between groups. Moreover, the correlations between
amount of violation and the factors of interest did not prove
significant.

Discussion

The present study examined whether congenitally and late deaf
CI recipients are able to integrate simple audio-tactile stimuli as
measured in a redundant target paradigm.

We found reliable redundancy gains for audio-tactile stimuli
compared to unimodal stimuli and a violation of the race model
for both congenitally and late deaf CI recipients. A violation of the
race model is commonly accepted evidence for a true coactivation
and thus crossmodal integration. The finding that not only late but
congenitally deaf CI recipients were able to integrate audio-tactile
stimuli as well suggests that, congenital sensory deprivation does
not prevent the development of multisensory integration of simple
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synchronous stimuli, which is in line with [9], who tested
congenital cataract individuals on the same paradigm as used in
the present study. The similar results obtained in the two studies
allow us speculating on the fact that crossmodal integration might
build on broadly tuned innate abilities (i.e., detection of
simultaneously presented multimodal information). However, it
1s worth discussing the differences between our results and [9].
Indeed, cataract patients [9] showed more similar multisensory
gains with respect to their matched controls compared to our CI
recipients (particularly the congenitally CI recipients), suggesting a
more fully recovery in the cataract patients compared to our CI
recipients. This may be due to the earlier sensory restoration
performed in the cataract patients compared to our congenitally
CI recipients, who received their CI on average in adulthood.
Indeed, the earliest surgery in the deaf CI recipients was
performed at a higher age (>2 years) than the latest cataract
surgery in most of the patients studied in [9]. If the critical period
for multisensory processes exists within the first about 2.5 years
[11], it is not surprising that we did not find a statistically
significant correlation between age at implant or years of CI
experience and reaction times or redundancy gains.

It is worth considering why our results appear in conflict with
[15], who used simple audio-tactile stimuli too and found no
integration abilities for both congenitally and late deaf CI
recipients, thus concluding that years of deafness, and not age at
deafness onset, influence multisensory processing capabilities.
First, it should be noted that the authors adopted a paradigm
that tests the ability to fuse crossmodal incongruent information,
while our task made use of congruent, synchronous stimuli. The
lack of fusion of incongruent audio-tactile information could be
explained by the enhanced tactile abilities of CI recipients as
reported earlier for deaf individuals [14] and confirmed in the
present study by showing shorter reaction times to tactile stimuli in
the congenitally deaf CI recipients. Based on an optimal
integration rule [22], higher tactile performance could result in
higher reliance upon tactile information and thus less interference
when incongruent auditory input is presented (see [16] for an
analogous reasoning for lower audio-tactile fusion in the blind).
Recently, it has been speculated as well that enhanced skills in the
intact modality after sensory deprivation might originate from a
reorganisation at the level of multisensory brain structures as a
consequence of sensory deprivation and that these neural changes
in turn would interfere with functional recovery [23,24]. Our data
do not allow disambiguating between these two alternatives. Both
accounts are able to explain the positive correlation between
redundancy gain and reaction times to unimodal tactile stimuli in
congenitally deaf CI recipients only, namely participants who were
faster at detecting unimodal tactile stimuli also had a lower
multisensory gain. This leads to the discussion as to why
congenitally deaf CI recipients showed lower redundancy gains
compared to their matched controls. While it could be argued that
this difference stems from less multisensory integrating abilities, it
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might similarly emerge as a consequence of congenitally deaf CI
recipients responding faster to unimodal tactile stimuli compared
to their matched controls (the redundancy gain was computed as a
difference between bimodal stimuli and the faster of the two
unisensory stimuli). The advantage in reaction times for unimodal
tactile stimuli in the congenitally deaf CI recipients, as discussed
above could be explained in terms of a reorganisation of the
sensory systems, by which the remaining senses improve to
compensate the sensory loss [25,14]. Our results showed that faster
responses to tactile stimuli are only significantly influenced by one
factor, namely age at deafness onset, which suggests that this cross-
modal reorganisation may decrease the later deafness is acquired
in development. Furthermore, because for our congenitally deaf
CI recipients other factors such as age at implantation and years of
CI use were not found significant, it could be speculated that once
cross-modal changes have taken place, they cannot be “re-wired”
through auditory reafferentation, at least not after the age of 2
years. In support to this claim, several studies [32,33,34] have
provided evidence that particularly deafened individuals with
massive crossmodal take-over of auditory regions by visual input
are less likely to benefit from implantation, thus questioning, for
some specific cases, the potential of restoring hearing. Recently,
[35] examined the relationship between crossmodal plasticity and
speech perception in prelingually and postlingually deafened CI
recipients by correlating the amplitude of visual evoked potential
(VEP) over the right temporal lobe with the word perception
scores of each CI recipient. The authors found that the amplitude
of the VEP increased while the word perception scores decreased.
Most importantly, this was observed in prelingually but not
postlingually CI recipients, suggesting that, in accord with our
findings, the influence of crossmodal plasticity on speech
perception abilities depends upon deafness onset.

In conclusion, the present study provides evidence that basic
audio-tactile stimuli can be integrated following congenital and
late deafness after sensory restoration. We provide evidence for
compensatory plasticity early in life, leading to an improvement in
the tactile modality accompanied by lower multisensory gains
following auditory loss.
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