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The effect of deafness on sensory abilities has been the topic of extensive investigation over the past decades. These investigations
have mostly focused on visual capacities. We are only now starting to investigate how the deaf experience their own bodies and
body-related abilities. Indeed, a growing corpus of research suggests that auditory input could play an important role in body-related
processing. Deafness could therefore disturb such processes. It has also been suggested that many unexplained daily difficulties
experienced by the deaf could be related to deficits in this underexplored field. In the present review, we propose an overview of
the current state of knowledge on the effects of deafness on body-related processing.

1. Introduction

In recent years, increasing attention has been paid to sensory
changes in individuals having undergone sensory depriva-
tion. Amongst these investigated populations are the deaf.
Deaf individuals can provide a unique insight on the effects
of sensory deprivation as some have regained partial hearing
through the use of a cochlear implant (CI), a neuroprosthetic
device that can restore some level of hearing. The deaf
provide opportunities to better understand not only the
neuroplasticity underlying sensory deprivation but also the
adaptive and maladaptive plasticity that can occur upon
recovery of a sensory modality. Current research on the
effects of deafness on the perception of the external world
suggests that a prolonged period of deafness can lead to
significant alterations in sensory processing (for a review, see
[1,2]). Due to the link between perception of the environment
and the ability to act in it, several unexplained day-to-day
life difficulties observed in the deaf have been proposed as
related to deficits in body-related processing (e.g., [3, 4]).
Furthering our understanding of the effects of deafness on
these processes could thus not only provide insight on the
fundamental processes of sensory deprivation but also be of
great benefit to individuals living with deafness. The objective
of this review is to examine the current state of knowledge
on the effects of deafness on body-related processes. In order
to provide a well-defined interpretation of the literature,

we specifically surveyed nonvisual processing in the deaf,
namely, somatosensory, motor, and posture processing. As
such, processes that are in direct relation with the visual
system (e.g., facial recognition and eye-movement) were not
included in the review, even with the existence of a relation
with the body.

2. Body-Related Processing: Body Image for
Perception and Body Schema for Action

The perception-action model proposes that perception of the
environment is directly related to the ability to act in it [5].
Influenced by this model, Paillard [6] suggested a distinction
between “knowing where” and “knowing how to get there,”
implying a difference between the body image for perception
and the body schema for action. A body image consists
of the perceptions of ones body (i.e., judgment of bodily
properties), while body schema consists of the sensory-motor
capacities in which information necessary for movements is
integrated, such as for body posture. Thus, in the same way
perception differs from movement, body image differs from
body schema.

Our body’s experience of perception or action is not
exclusively limited to the somatosensory system but is accom-
panied by a variety of body-related inputs. Indeed, there exist
no single set of peripheral receptors that inform the brain on
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the location or self-identity of body parts. The experience of
our own body has therefore been shown to be constructed
within the central nervous system by the integration of
several information sources including somatosensory signals
(e.g., [7-10]), visual inputs (e.g. [11-14]), auditory signals (e.g.,
[15]), and vestibular input (e.g., [16]).

Over the years, several well-known tasks have been
developed to directly assess the multiple features related to
body image and schema. The investigation of these different
body-related processes also include task-dependent effects of
bodily illusions. It is understood that the brain’s resolution of
sensory conflict as induced by bodily illusions is a measure-
ment of the plasticity and flexibility of the underlying body-
related processing [17].

Numerous data suggest a significant role for the auditory
system in body-related processing. In normally developing
individuals, auditory inputs have been shown to interact
with the tactile and motor system during speech process-
ing [18, 19], motor behaviour (e.g., [20-24]), posture and
balance (e.g., [25-27]), and the general initiation of motor
action [28-31]. Finally, the influence of auditory inputs on
tactile body perception has also often been demonstrated
using multisensory tasks (e.g., [32, 33]). In these audiotactile
interaction tasks, the manipulation of auditory input alters
tactile perception of either palmar dryness or the number of
perceived tactile stimulation.

Evidence suggesting a role of auditory inputs on body-
related processing raises important questions for the impact
of sensory deprivation [3, 4, 34]. Indeed, considering these
evidences, it is perfectly reasonable to expect that deaf
individuals would perceive their own body differently than
hearing individuals. If so, according to the perception-
action model, the deaf would also have altered fundamental
perception of their environment.

3. Body Image for Perception in the Deaf

3.1. Body Sensations. Sight, hearing, taste, smell, and touch
are the five traditionally recognized senses. Unlike sight,
hearing, smell, and taste, which are all located in specific
parts of the body, the sense of touch is much less centralized.
Indeed, touch (or the peripheral somatosensory system) is
very hard to localize because tactile sensory information
enters the nervous system from every area of the body.
The sense of touch can provide sufficient information for
an individual to determine the numerous features related
to a specific object. In this sense, touch allows an indi-
vidual to learn about the proximal environment and adapt
behaviour accordingly. Numerous standardized tasks have
been developed to examine human tactile perception. These
tasks allow for the examination of detection, resolution, and
discrimination capabilities (e.g., static two-point discrim-
ination [35], tactile sensitivity thresholds using Semmes-
Weinstein monofilaments [36], and tactile resolution using a
grating orientation task [37]).

Similar to studies revealing highly specific changes to
visual processing (for a review, see [1, 2, 62, 63]), researches
on the tactile domain are often inconsistent depending on
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the specificity of the tasks used and/or the characteristics
of participants (e.g., congenitally deaf; hearing impaired; CI
users), suggesting that deafness does not seem to lead to
uniform alterations to tactile perception.

Tactile detection and discrimination tasks have been
examined in the deaf without statistically significant differ-
ences with normally hearing individuals (e.g., [43, 44]). How-
ever, a positive correlation between hearing and tactile acuity
has been suggested [64]. Additionally, no significant differ-
ences were found for tactile detection and discrimination
abilities in deaf CI users [45, 46]. More targeted tactile abili-
ties were also investigated and no significant differences were
found between early deaf and control groups for spatial sen-
sitivity [48], temporal onset-offset-order discrimination [44],
frequency discrimination [49], object identification [38], or
tactile discrimination of a rhythmic pattern [42]. However,
there is compelling evidence that deafness can result in
changes for tactile perception in some specific conditions. For
instance, data suggests superior vibrotactile frequency change
sensitivity [49] and haptic orientation [47] in congenitally
deaf humans. Congenitally deaf CI users were found to
have faster reaction time in response to tactile stimuli [40].
However, this increased tactile reaction time was not found in
congenitally deaf individuals [39] or in late deaf CI users [40,
41]. The altered tactile abilities from deafness are not exclu-
sively improvements as reduced tactile temporal sensitivity
has been revealed in congenitally deaf individuals [48]. These
results suggest that, for tactile abilities, plasticity following
deafness does not lead to uniform behavioural improvements
and can lead certainly to maladaptive behavioural compensa-
tion in specific behavioural conditions.

3.2. Multisensory Interactions Involving Touch. The sense of
touch can be altered through the simultaneous stimulation
of another sense. Interaction between senses can enhance
overall perceptual accuracy and saliency through cooperative
advantages in certain congruent situations (e.g., [65, 66]).
Body-related multisensory interactions can be examined
through multiple tasks, when the information coming from
two modalities are congruent or incongruent. The presen-
tation of conflicting multisensory information can result in
an illusory percept. We can gain insight into the ability
to integrate multisensory information following deafness by
studying alterations to this illusory percept.

3.2.1. Integration of Congruent Auditory and Tactile Informa-
tion. The interaction between auditory and tactile congruent
information has recently been examined in the deaf with CI.
Nava et al. [40] showed that both congenitally and late deaf CI
users were able to integrate congruent audiotactile stimuli in
a reaction time task as effectively as control group members.
These results suggest that congenital and acquired deafness
does not prevent the development and recovery of this
form of basic multisensory processing. However, the authors
also found that congenitally deaf CI users (not late deaf
CI users) benefited from redundancy gains in the presence
of the multisensory stimulation significantly less than their
matched controls. This may be explained by a change in tactile
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perception in those individuals as reviewed in the previous
section.

3.2.2. Segregation and Integration of Incongruent Auditory
and Tactile Information. Two of the most robust examples
of auditory-somatosensory illusions are the “audiotactile
illusory flash effect” [33] for the temporal domain and the
“parchment skin illusion” [32] for the spectral domain. Both
of these tasks are examples of cross-modal interactions. The
“audiotactile illusory flash effect” is a nonspeech illusory
percept in which the simultaneous presentation of a single
somatosensory stimulus with two consecutive sounds can
lead to the perception of two distinct tactile sensations in
normally hearing individuals. The “parchment skin illusion”
is also a nonspeech illusory percept in which an ampli-
fication or reduction of high-frequency content from the
sound generated by rubbing hands together results in an
alteration of the perceived palmar dryness/moistness. Our
research team recently use these two tasks to investigated
whether a period of deafness disturbed the segregation
or the integration of incongruent temporal and spectral
audiotactile processing in deaf adults using CI [4, 46]. In both
tasks, normally hearing individuals integrated auditory and
tactile information effectively in the context of an illusory
audiotactile percept, whereas CI users did not. Considering
the fundamental nature of the stimuli involved in these tasks,
failure to segregate or integrate multisensory information
could not be explained by the use of the CI.

4. Body Schema for Action in the Deaf

4.1. Body Movements. Savelsbergh et al. [51] suggested that
the absence of early auditory input could contribute to motor
delays in deaf children. This hypothesis was later tested and
results suggested that indeed hearing children performed
significantly better than deaf children in various evaluations
of motor development [50]. More specifically, several studies
of motor capacities in deaf children have reported deficits
in general dynamic coordination, balance, ball catching
abilities, and slower reaction times and speed of movement
execution [34, 52, 67, 68]. Interestingly, studies of motor
coordination combining deaf and CI users do not report
significant differences between deaf and hearing abilities [50].

Several findings suggest that profound deafness may
result in disturbances to nonauditory abilities related to
serial-order information [54, 56]. In particular, Conway et
al. [54] reported deficits of implicit learning abilities in deaf
children with CI on color-sequences task. These authors
proposed that exposure to sound, a temporally arrayed sig-
nal, provides important experience with learning sequential
patterns in the environment. This lack of experience with
sound at a young age may therefore delay the development
of domain-general processing skills of sequential patterns,
including nonauditory abilities [55]. In terms of motor
sequencing specifically, Schlumberger et al. [53] found that
deaf children showed delays in the development in the
production of sequential limb movement. Another recent
investigation with deaf children with CI by Conway et al.

[54] revealed disturbances in the ability to perform a simple
fingertip-tapping task. Our research team recently investigate
the procedural learning skills of deaf adults with and without
CI [56]. The serial reaction time task (SRTT [69]), a task
sensitive to both explicit and implicit learning, was admin-
istered to investigate possible motor alteration subsequent to
auditory deprivation. Results revealed statistically significant
differences between the deaf and control groups in sequence-
specific learning, with deaf subjects being less efficient than
controls in acquiring sequence-specific knowledge. These
results further supported impaired sequential learning abil-
ities in the deaf [54, 55].

4.2. Body Posture. Researchers have known for more than
a century that changes in limb posture (such as crossing
the hands) can impair people’s performance in temporal
order judgments tasks involving tactile stimulus presented to
either hand (e.g., [70]). This crossed hands deficit has been
attributed to a conflict between externally (i.e., visual and
auditory) and anatomically anchored reference systems (i.e.,
somatosensory) when people localize tactile stimuli [71-73].
Considering this, it has been suggested that such modulation
in the perception of touch caused by body posture could
be impaired in individuals deprived of one external sensory
system, such as in deaf or blind individuals [71]. Indeed, the
performance of congenitally blind adults does not seem to
be affected by crossing the hands unlike in seeing individuals
[71]. This provides insight on the critical role of visual inputs
in modulating the perception of touch that may arise from the
emergence of specific crossmodal links during development.
However, the role of auditory inputs in the development and
maintenance of this crucial processing is still unexplored.

Body posture has, however, been evaluated during bal-
ance task with a force platform in participants with sen-
sorineural hearing loss. Results suggest that participants with
sensorineural hearing loss have poorer balance than normal
hearing participants [57-60] and tend to depend mostly on
vision and somatosensory inputs [57, 59] to maintain their
balance. No significant change in body posture has been
revealed for deaf participants with unilateral or bilateral CI
[61].

5. Discussion

The objective of this review was to survey the existing corpus
of research on the effect of deafness on body-related abilities.
We also considered studies of body-related abilities in CI
users since sensory deprivation, even temporary, can have an
effect on the remaining senses. Multiple investigations have
examined the effects of sensory deprivation on the remaining
senses. Indeed, the effects of deafness on visual abilities
have received considerable attention [62, 63], but body-
related abilities have garnered considerably less. However, the
effect of deafness on body-related processing has important
repercussions as it is suggested to be a contributing factor in
the daily difficulties observed in the deaf (e.g., [3, 4]).

Auditory inputs are believed to play an important role in
the development of body-related processing in the hearing



TABLE 1: Body-related abilities for deaf and hearing individuals.

Task Findings"” References
Body sensations
Object identification ED=H [38]
ED=H [39]
Reaction time EDCI>H [40]
LDCI=H [40, 41]
Discrimination of rhythmic pattern ED=H [42]
" D=H [43, 44]
Sensitivity
CI=H [4, 45, 46]
Orientation detection ED>H [47]
Cl=H 4, 46]
Temporal sensitivity ED<H (48]
Spatial sensitivity ED=H [48]
szmpor.al opset— offset-order ED = H [44]
discrimination
N ED=H [49]
Frequency discrimination
Cl=H 4, 46]
Frequency change detection ED>H [49]
Multisensory interactions involving touch
Audiotactile reaction time Cl=H [40]
Audiotactile segregation Cl+H (4]
Audiotactile integration Cl+H [46]
Body movement
Motor coordination b =H [50]
D<H [34,51,52]
Sequential limb movement D" <H [53]
I<H 4,
Serial-order learning C* < [54,55]
D" <H [56]
Body posture
Posture D" <H [57-61]

ID: deaf, ED: early deaf, LD: late deaf, CI: cochlear implant users, EDCI: early
deaf cochlear implant users, LDCI: late deaf cochlear implant users, and D*:
deaf and cochlear implant users confounded.

2D = H, no population difference; D > H, deaf group demonstrating
enhanced body related abilities compared to hearing group; D < H, deaf
group displaying worse body related abilities compared to hearing group; D
# H, deaf group displaying significantly altered abilities compared to hearing

group.

(e.g., [15,18-33]) and it has been suggested that deafness could
have a dramatic impact on these processes [3, 4, 34].

There does not appear to be a global trend on the effects
of deafness body-related processes (for an overview of the
reviewed articles, see Table 1). The variability between studies
surveyed in this review highlights the existing debate over
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the identity of the altered systems and the mechanisms
that mediate adaptive or maladaptive neuroplastic changes
following deafness. As shown by Table 1, comparing results
between studies is made particularly difficult in the deaf due
to the multiple confounding factors involved in deafness.
Beyond the categorization of early and late deaf and cochlear
implantation, factors such as duration of deafness [74],
communication strategy [75], onset of deafness [74, 76, 77],
hearing aid use [78], and duration of CI use [46, 79-82] can all
influence performance in the deaf. Comparing investigations
across studies is complicated by this large set of variables that
are often left unreported. Yet, the factors that may constrain or
promote performance in body-related processing following
deafness are still unknown.

Future research looking at deafness and body-related
processes could help further identify the role of auditory
experience, whether in early- or late-life, in modulating
such processes. These investigations will help deepen our
knowledge of not only the neuroplastic changes of deafness
to body-processes but also the effects of auditory restora-
tion. More specifically, such understanding will help to
identify the systems that are altered and the mechanisms
and factors that mediate adaptive or maladaptive changes
following deafness. The results from these investigations will
provide complementary information to the existing research
examining the role of auditory input on external processing
following deafness (for a review, see [1, 2]). Moreover, further
investigations in this burgeoning field of research will provide
additional understanding to the daily difficulties observed
in the deaf. Much of the understanding of our surrounding
occurs in a multisensory environment in which sensory-
motor and auditory cues are present. Identifying behavioural
changes in deaf and CI users has direct and significant
implications for recognizing the difficulties experienced in
day-to-day life. Knowledge stemming from such research
will allow more effective patient counselling and expectation
management and enable more individualized postimplanta-
tion rehabilitation strategies.
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