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Not having access to one sense profoundly modiﬁes our interactions with the environment, in turn
producing changes in brain organization. Deafness and its rehabilitation by cochlear implantation offer a
unique model of brain adaptation during sensory deprivation and recovery. Functional imaging allows
the study of brain plasticity as a function of the times of deafness and implantation. Even long after the
end of the sensitive period for auditory brain physiological maturation, some plasticity may be observed.
In this way the mature brain that becomes deaf after language acquisition can adapt to its modiﬁed
sensory inputs. Oral communication difﬁculties induced by post-lingual deafness shape cortical reorganization of brain networks already specialized for processing oral language. Left hemisphere language
specialization tends to be more preserved than functions of the right hemisphere. We hypothesize that
the right hemisphere offers cognitive resources re-purposed to palliate difﬁculties in left hemisphere
speech processing due to sensory and auditory memory degradation. If cochlear implantation is
considered, this reorganization during deafness may inﬂuence speech understanding outcomes positively or negatively. Understanding brain plasticity during post-lingual deafness should thus inform the
development of cognitive rehabilitation, which promotes positive reorganization of the brain networks
that process oral language before surgery.
This article is part of a Special Issue entitled <Human Auditory Neuroimaging>.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
Not having access to one sense profoundly modiﬁes interactions
with the environment (Merabet and Pascual-Leone, 2010; Strelnikov et al., 2010). Advances in functional imaging (Friston, 2009) and
animal models (see Kral et al., 2013 for a review) have contributed
to the exploration and better understanding of sensory deprivation,
especially illuminating the effect of deafness on brain adaptation.
Sensory deprivation leads to modiﬁcations in relative connectivity
between cortical areas, and particularly in interactions across
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sensory areas, depending on the age at which the deprivation occurs (for a review, see Merabet and Pascual-Leone, 2010). In both
humans and animals, the loss of one sensory modality induces
compensatory mechanisms leading to increases in performance of
the spared modalities (for reviews, see Bavelier et al., 2006;
Rauschecker, 1995; Röder and Rosler, 2004). Among the sensory
losses, deafness causes signiﬁcant handicap as it prevents social
interactions through oral communication. Helen Keller who was
deafeblind used to say that “Blindness separates people from
things, deafness separates people from people”.
Thanks to sign language (visual-based communication) and
cochlear implantation (which provides the brain with auditory
inputs through electric stimulation), models of sensory deprivation,
adaptation and re-afferentation have allowed great steps in the
understanding of brain plasticity in pre- and post-lingually deaf
subjects. The distinction between pre-lingual and post-lingual
deafness is important because learning a language is a long
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process that starts peri-natally in people with normal hearing
(Dehaene-Lambertz et al., 2002). Hearing experience during the
ﬁrst year of life (phonemic contrasts in particular) drives brain
maturation and central physiological organization related to speech
perception and production (see Kral, 2007 for a review). Using a
variety of brain imaging methods, it has been shown that the
congenitally-deafened brain does not show the same developmental organization as a brain that is exposed to normal auditory
inputs from birth to the age of approximately 5 years, when the
basics of language are considered acquired and language learning
tends to stabilize (Bavelier et al., 2001; Fine et al., 2005; Finney
et al., 2001).
The effect of non-rehabilitated pre-lingual deafness on the
remaining visual and somatosensory senses (Bavelier et al.,
2006; Dye and Bavelier, 2010), as well as auditory development
after cochlear implantation in childhood (Kral and Sharma, 2012;
Sharma et al., 2009, 2007) has been previously reviewed. The
effects are complex and vary depending on the compensatory
modality, state of development, and individual factors (Kral and
O’Donoghue, 2010). We provide here a brief overview of the
ﬁndings concerning central modiﬁcations related to congenital
deafness, but will subsequently focus on reorganization related
to oral communication in post-lingually deaf adults. Developmental studies show that a high potential for plasticity exists
within the ﬁrst 3 years after birth and that the brain takes
advantage of the senses available by potentiating them (Bavelier
et al., 2006). During this developing period, competition between the dominant senses determines ﬁnal differentiation
within multi-sensory areas (Levanen et al., 1998). If one sense is
missing, such as hearing, the spared modalities are boosted,
leading to supra-normal compensation (Bavelier and Neville,
2002; Bavelier et al., 2006). Thus, in congenitally-deaf subjects,
enhanced spatial attention and reactivity to visual events presented mainly in the peripheral visual ﬁeld have been observed
(Bavelier et al., 2006; Dye and Bavelier, 2010; Neville and
Lawson, 1987). The beneﬁcial changes in visual skills are however selective to traits that normally interact with available
auditory input during audioevisual convergence (see Bavelier
et al., 2006 for a review). So deaf individuals generally do not
exhibit better performance in simple visual discrimination
tasks. Once the sensitive period of plasticity is over, after the age
of 7 years, speciﬁc organizations/specializations may not be
reversible. This phenomenon has been related primarily to
extensive synaptogenesis between 2 and 4 years of age, followed
by synaptic elimination (central pruning) from 4 to 16 years
(Huttenlocher and Dabholkar, 1997). Consequently, brains deafened for too long may not allow satisfactory auditory rehabilitation by a cochlear implant (CI) if surgery occurs after the end of
the sensitive period (Giraud and Lee, 2007; Lee et al., 2005,
2007b; Sharma et al., 2009; Sharma et al., 2007).
After the sensitive period is over, primary and secondary auditory areas are no longer able to develop new functional interactions, even though the CI provides auditory inputs. Nonauditory functions, such as sign language processing (Lambertz
et al., 2005; Nishimura et al., 1999), may be observed in the secondary auditory areas, and in the case of late implantation, auditory
activations have been observed in visual and parieto-temporal
areas without any beneﬁt to speech comprehension (Sharma
et al., 2007, 2009). Further, early deafness likely affects topedown
inﬂuence (from high-order areas), leading to the functional
decoupling of primary auditory cortex (Kral and Eggermont, 2007).
The decrease of topedown modulation in deafness seems to
negatively impact on related high-level abilities, such as
auditory object categorization, or attentional processes (Kral and
Eggermont, 2007).
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The same principle applies to non-deprived brains: functional
organization tends to be permanent, even though some plasticity
and reorganization are possible in adulthood due to lesions (e.g.
Cramer et al., 2011; Kell et al., 2009; van Oers et al., 2010) or postlingual deafness (Lazard et al., 2013; Rouger et al., 2012). Because
most cognitive functions are asymmetrically implemented in the
brain (Formisano et al., 2008; Hickok and Poeppel, 2007; Hugdahl,
2000), engaging the contralateral cortex to palliate deﬁcits or injury
in language processing may be less efﬁcient than the primary
functional organization, and hence maladaptive (Kell et al., 2009;
Marsh and Hillis, 2006; Naeser et al., 2005; Preibisch et al., 2003;
van Oers et al., 2010).
Based on the idea that deafness impoverishes social interactions, principally when it occurs in subjects who were used to
hearing (post-lingually deafened), this review will focus on functional imaging ﬁndings concerning central adaptation to oral
communication loss induced by post-lingual deafness (for animal
models, refer to Kral et al., 2013). We hypothesize that central repurposing is driven by communication needs. To understand the
observed reorganizations, the physiology of speech perception and
reading will be examined. Evidence of adaptation to acquired
deafness and its consequences on the observed variability in speech
understanding once post-lingual subjects have received a CI will be
reviewed.
2. Prerequisites
To understand plasticity, a few terms need to be deﬁned. Multimodal brain areas receive and process inputs from different modalities. Intra-modal reorganization/plasticity refers to the potentiation of dedicated areas (uni-modal areas) in their usual modality or
function (e.g. increased activity within the visual cortex during
lip-reading, a communication relying on visual inputs (Doucet et al.,
2006)). Cross-modal reorganization/plasticity refers to cortical areas
that become under-stimulated by their usual sensory inputs and are
taken over by other modalities (e.g. activation of auditory areas by
sign language (Finney et al., 2001)). Meta-modal reorganization/
plasticity applies to originally multi-modal sensory areas that come
to favor one modality (or several modalities) over another modality,
when sensory input in this latter modality is reduced.
Except for very limited speciﬁc etiologies for which subjects
become abruptly profoundly deaf (meningitis, bilateral temporal
bone fracture, bilateral sudden idiopathic hearing loss), postlingually deaf people usually face a period of progressive hearing
deterioration from moderate to profound deafness (from a pure
tone average loss of 40 decibels (dB HL) to 90 dB HL). The duration
of moderate hearing loss is deﬁned as the time from which the pure
tone average hearing loss is more than 40 dB HL, and/or the time of
the ﬁrst use of hearing aids, until the time of severe to profound
deafness. When people become severely or profoundly deaf, they
may become a candidate for a CI (UKCISG, 2004). This period of
progressively worsening hearing has been minimally investigated
in functional imaging studies, which generally focus on the period
of total auditory deprivation. However, in a large sample of postlingual CI recipients, we have shown that the duration of moderate hearing loss impacts CI outcome negatively (Fig. 1) (Lazard et al.,
2012b). This study also showed that hearing aids may improve
post-implantation speech understanding if worn during the period
of severe to profound hearing loss. Wearing two hearing aids preimplant was related to better post-implant speech outcomes than
not having any hearing aid, suggesting that even minimal stimulation tends to preserve auditory functions and areal speciﬁcity
(Lazard et al., 2012b). The hypothesis is that hearing aids have a
protective effect against deleterious plasticity such as visual takeover of auditory areas (Doucet et al., 2006). These factors may
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channel is then transformed into pulse amplitude (electric current
level) applied to independent electrodes. Envelope modulations
provide temporal cues and tonotopic electrode placements provide
spectral cues. Coding strategies do not convey the full information
content of speech signals, especially in terms of ﬁne temporal
structure (Lorenzi et al., 2006). Spectral coding is also sparse with
12e22 electrodes depending on the manufacturer (Friesen et al.,
2001). We can add to these limitations possible tonotopic shifts
in the frequency-to-place mapping of spectral information due to
electrode-array placement (Friesen et al., 2001), and overlapping
excitation patterns of adjacent channels due to the large spread of
electric stimulation (Shannon, 1983). The limitations in speech
understanding with a CI, even in quiet, are evidenced by the need to
maintain high audioevisual cooperation, even after 5 years of CI
use (Rouger et al., 2007).
3. Language processing in normally-hearing adults

Fig. 1. Theoretical model of mean expected speech performance over time for a hypothetical “average cochlear implant recipient”. From Lazard et al. (2012b). Pre-, Perand Postoperative Factors Affecting Performance of Postlinguistically Deaf Adults Using
Cochlear Implants: A New Conceptual Model over Time. PLoS One 7, e48739. This
model was developed using data from 2251 post-lingually deafened adult CI recipients
(retrospective multi-centric study). Auditory performance on the vertical axis refers to
the expected speech performance with a CI if the hypothetical patient were to receive a
CI. It was assumed about 20 years of moderate hearing loss for this hypothetical patient, so auditory performance decreases down to 60%, where the patient presents
with a severe to profound hearing loss. It was then assumed about 10 years of severe to
profound hearing loss. During this period, the decrease in mean expected performance
depends on HA use, at about 0.45% per year if 2 HAs are worn, and 0.89% if no HAs are
worn. It is to note that HA use during the period of moderate hearing loss was not
known in this study. The ﬁnal stage represents the post-operative learning curve
related to CI experience. mHL: moderate hearing loss; s/p HL: severe to profound
hearing loss, HA: hearing aid.

open a wide investigation area as, to the knowledge of the authors,
just one functional imaging study has investigated the effects of
moderate hearing loss on central auditory processing (Lazard et al.,
2013).
The last prerequisite is that although the CI allows speech understanding, the sensation it provides is an ersatz of acoustic
hearing. In brief, CI speech coding strategies ﬁlter the incoming
auditory signal into a deﬁned number of band-pass channels, and
secondarily extract the envelopes of the band-passed waveforms,
i.e., the slowly varying amplitude modulations of the speech
waveform. Envelope extraction can be achieved either by full or
half-wave rectiﬁcation followed by low pass ﬁltering or by Hilbert
transform (see Loizou, 2006). The envelope amplitude in each ﬁlter

To understand the reorganization induced by the degradation of
oral interactions in post-lingually deaf adults, we ﬁrst review language processing in non-deprived, normal-hearing listeners. In the
normally-hearing population, communication is mainly based on
speech through verbal exchange and its written transcription.
Verbal exchange becomes very difﬁcult when hearing is lost, and
writing may become a major means of communication.
3.1. Oral speech processing through the auditory modality in
normally-hearing adults
The ﬁrst step of oral speech processing is speech sound processing: the capacity to process phonemes and their acoustical
features (i.e. basic features and symbolic units of speech) (Chomsky
and Halle, 1968). This takes place within bilateral primary auditory
areas and early auditory associative areas (Fig. 2). The second step is
speech processing in itself. This is a higher-level task which generates access to understanding through semantic/linguistic
memory-based comparisons and motor reproduction/planning
(Hickok and Poeppel, 2007). Speech processing involves asymmetrical bi-hemispheric participation (Hickok et al., 2008), with
the left hemisphere demonstrating specialization in ﬁne rapid
temporal processing (speech syllables perception), and the right
hemisphere being more specialized in slower spectral processing
(Abrams et al., 2008; Formisano et al., 2008; Poeppel et al., 2008;
Zatorre and Belin, 2001; Zatorre and Gandour, 2008; for a review
see Lazard et al., 2012a). In the model developed by Hickok and
Poeppel (2007), speech processing follows a dorso-ventral dissociation with a dorsal sensori-motor analysis and a ventral lexicosemantic analysis (Fig. 2). The dorsal sensori-motor stream is

Fig. 2. Schematic representation of oral and written language processing (left hemisphere). Primary sensory areas (auditory A1 and visual V1) are represented in orange. Information is then processed in specialized higher-order areas, in Wernicke’s area (WA) and planum temporale on one hand and ventral occipito-temporal area (VOT or visual word
form area) on the other hand (pink blobs). The two following streams, the dorsal (purple blobs) and ventral (blue blobs) routes, are common to both specialized sensory entries.
Arrows show extensive bottom up and top down interactions.
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strongly left-lateralized and maps acoustic speech signals to the
parieto-frontal lobes through articulatory and analysis networks.
The ventral stream is bilateral, and processes speech signals
through lexico-semantic analysis (occipito-temporal and inferior
frontal lobes), giving fast access to comprehension.
3.2. Written speech processing through the visual modality in
normally-hearing adults
Apart from the sensory entry point, reading involves very
similar networks to those of oral language. After passing through
primary visual cortex, written material is processed beginning with
letter string deciphering within the ventral occipito-temporal cortex, also called the visual word form area (Cohen et al., 2000; Price
and Devlin, 2011). A dorso-ventral dissociation exists, similarly to
speech processing (Fig. 2). Two reading strategies depending on the
frequency of the words encountered are described. The dorsal
phonological route involves the left superior temporal cortex, the
left inferior parietal cortex and the inferior frontal gyrus in its
posterior part (opercular part). This route allows for conversion
from graphemes to phonemes and post-assembly phonetic segmentation associated with articulatory planning (Fiebach et al.,
2002; Jobard et al., 2003). The dorsal phonological route is also
called the indirect route because semantic meaning is accessed
secondarily. This strategy is used for new words that need an inner
representation of their pronunciation because of their unfamiliarity
and for phonologic comparison (for a review see Price, 2012). It
overlaps with the dorsal stream described in speech processing. For
frequent irregularly spelled words, the ventral stream, or direct
lexico-semantic strategy, retrieves phonology directly from global
orthography analysis of the whole word (their correct pronunciation has been integrated during reading learning) (Fiebach et al.,
2002; Jobard et al., 2003). It involves the middle temporal gyrus
and the inferior frontal gyrus in its anterior (triangular) part (Price,
2012), overlapping the ventral stream described in speech processing. As with speech processing, reading strategies are strongly
left-lateralized (Price, 2012).
4. Language processing in congenital deaf signers and in
post-lingually deafened subjects
When hearing is absent, new modes of communication may
develop: sign language is one of them. Interestingly, in the
congenitally deaf, brain structure and function related to communication are very similar to that in hearing brains, even though the
main sense used is visual. In contrast, people who become deaf
after oral language acquisition have to adapt to their sensory loss
with a central nervous system that has matured with harmonious
multi-sensory inputs.
4.1. Congenital deaf signers
Sign language processing and production uses the visual modality only without any sound-based phonological correspondence.
Similarly to spoken language, processing of sign language involves
left hemisphere speech dedicated areas: Broca’s and Wernicke’s
areas, left perisylvian areas, and the parieto-temporal junction (for
a review see Campbell et al., 2008). However, sign language processing also recruits the right hemisphere in a more extensive
way than speech. This right hemisphere involvement is related
to its higher functions in processing spatial syntactic properties
such as facial recognition, emotional expression, body movements
and position e all intrinsic features of sign language (Campbell
et al., 2008; MacSweeney et al., 2002). Independently of input
modality (auditory or visuo-spatial), the human brain shows highly
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preserved organization for language processing, especially on the
left side.
4.2. Post-lingually deafened subjects
When deafness appears after language acquisition and stabilization, the sensitive period of maximal plasticity has elapsed and
major brain specializations are ﬁxed. This was conﬁrmed in the left
auditory cortex of post-lingually deafened adults by the study of late
cortical auditory evoked potentials (AEP) in response to CI stimulation. The morphology of long-latency AEPs was similar to that of
normal-hearing controls (Eggermont, 2008), contrarily to developing brains that display evolution of AEP morphology according to
age and duration of auditory deprivation (Eggermont, 2008;
Eggermont et al., 1997). Late AEPs are generated in the left planum
temporale that is an associative auditory area within Wernicke’s
area. It is an important region where speech sensory-motor transformation is carried out (Hickok et al., 2009). Unlike in congenital
deafness, high-order left auditory areas of the post-lingually deafened brain maintain their specialization in language processing
through auditory input or their viseme correspondence after total
sensory loss. This specialization may be maintained by fast disinhibition of latent visual circuits mapping visual cues from lip-reading
onto former phonetic representations (visemes) (Lee et al., 2007a;
Suh et al., 2009). As described later, post-lingual deafness induces
reorganization, but we may hypothesize that the left hemisphere is
more resilient than the right hemisphere, because communication
disabilities may require potentiation of left hemispheric capacities in
language processing (Lazard et al., 2012a). Another hypothesis would
simply be that the right hemisphere is more prone to plasticity by
essence, and especially to visual plasticity in case of deafness
(Sandmann et al., 2012). This is in agreement with ﬁndings showing
that cortical plasticity differentially affects the right and left hemispheres after unilateral deafness (Hanss et al., 2009).
Post-lingually deafened people adapt to their handicap with
anatomical and functional constraints that are in part ﬁxed. However, some reorganization is possible, allowing continuation of their
social habits (i.e., not switching to a signed mode of communication). As indicated in the prerequisite section, the reorganization of
sensory areas can be either meta-modal (non-impaired senses are
favored in originally multi-modal sensory areas when input from
one sense is reduced) and/or cross-modal (take over by other modalities of normally uni-modal areas under-stimulated by their
usual sensory inputs). Both these aspects of plasticity are present in
post-lingually deaf subjects and are described below.
5. Meta-modal reorganization as an adaptation to postlingual deafness
To understand neurofunctional changes that may occur during
post-lingual deafness, brain networks for language and environmental sound processing were compared between normal-hearing
controls and post-lingually deaf subjects. Fig. 3 shows areas of
activation found in functional magnetic resonance imaging (fMRI) or
positron emission tomography (PET) experiments during three
different tasks: phonological tasks (written rhyming tasks), lipreading tasks, and environmental sound imagery tasks (mental
imagery of sounds produced by animals or noisy objects; for
methods and details, see Lazard et al., 2010, 2011, 2013; Lee et al.,
2007a; Rouger et al., 2012). Written and imagery tasks were used
to recruit auditory areas and related networks in post-lingual profoundly deaf subjects, as their hearing loss precluded the use of real
auditory stimuli. Brain activation when auditory imagery tasks are
used has been shown to be very similar to when real auditory
stimuli are used e the only difference being a lack of primary
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Fig. 3. Comparative neural involvement in normal-hearing subjects (a) and post-lingual deaf subjects (b) during phonological tasks, lip-reading, and environmental sound imagery.
Phonological processing involved rhyming tasks in written material (pairs of words). Lip-reading was studied by showing recorded silent lip movements. Sound imagery was tested
using black and white images of noisy objects or animals. To better evidence deafness-induced plasticity during phonological processing, whole brain correlation with cochlear
implant (CI) speech scores (assessed 6 months post-surgery by monosyllabic words) was performed in deaf subjects (3b, purple and green blobs). The additional graphs represent
the regression lines of individual neural activations (y axes) plotted according to behavioral performance (x axes) during lip-reading and rhyming tasks just before implantation, and
speech understanding with a CI 6 months after implantation. The additional histogram represents the means (þstandard deviation) of individual neural activations of three groups:
deaf subjects before CI activation (D), the same subjects tested with their CI after speech intelligibility recovery (CI), and normal-hearing controls (NH). Adapted from (Lazard et al.,
2011; Lazard et al., 2013; Lazard et al., 2010; Lee et al., 2007a; Rouger et al., 2012). L: left, R: right.

auditory activation in the imagery tasks (Bunzeck et al., 2005).
Therefore we will talk about environmental sound processing, even
though real sounds were not used in the study described. In normalhearing controls, areas activated by lip-reading (Fig. 3a, blue blobs)
bilaterally overlap with the dorsal articulatory and analytic indirect
route (purple blobs, Fig. 2). In post-lingual deaf subjects, a much
larger network is involved (Fig. 3b, blue blobs). However it encompasses the same areas as those activated by controls during
phonological tasks when mapping graphemes to phonemes and
making internal auditory conversion (Burton et al., 2005), i.e.
bilateral pre-central cortices and prefrontal lobes (purple blobs in
Fig. 3a). Moreover, neural activation of bilateral prefrontal gyri is
positively correlated with lip-reading ability in post-lingual deaf
subjects (top graph in Fig. 3b). This effect takes advantage of the
multi-modal nature (audioevisual in particular) of inferior frontal
areas that are involved in hierarchical language processing (Sahin
et al., 2009) and in language production planning (Hickok and
Poeppel, 2007; Turkeltaub and Coslett, 2010). Similarly, an
expanse of recruitment of the left posterior temporal cortex is
observed in post-lingual deaf subjects, corresponding to metamodal potentiation following predominantly uni-modal visual access to language in an audio-visual area per se (Burton et al., 2005).
In the case of post-lingual deafness, meta-modal reorganization
potentiates the visual modality to process language information
accessible from lip-reading.
6. Right cross-modal take-over to adapt to difﬁcult
phonological processing
With increasing periods of auditory deprivation, auditory
memory and phonological correspondences with visemes tend to
fade out in post-lingual deaf subjects (Andersson et al., 2001;

Lazard et al., 2010, 2011), especially if lip-reading has not been
used before profound deafness when auditory inputs were still
usable (Suh et al., 2009; Lazard et al., unpublished data). To palliate
these difﬁculties, the brains of some post-lingual deaf subjects
develop new strategies or recruit areas that were not formerly
specialized in phoneme analysis. Fig. 3b shows that some postlingual deaf subjects have adopted a direct access to semantic
areas (bilateral anterior part of inferior frontal lobes, green blobs),
even though processing phonology.
It can also be seen that bilateral posterior temporal cortices are
more involved during lip-reading by post-lingual deaf subjects than
controls during either lip-reading or phonology processing
(stronger activation within overlapping areas between deaf subjects and controls, but also expansion of the activation, blue blobs,
Fig. 3b). In the normally-hearing brain, the left posterior temporal
cortex is more specialized in phonology (Hickok et al., 2009), and is
a major area in language processing as it performs speech sensorymotor transformation from multi-modal inputs (Hickok et al.,
2009), and orthography-to-phonology mapping (Graves et al.,
2010) (left purple and blue blobs, Fig. 3a). By contrast, the right
posterior temporal cortex is largely involved in environmental
sound processing (Beauchamp et al., 2004; Binder et al., 1996;
Bunzeck et al., 2005; Lewis et al., 2004) (right yellow blob,
Fig. 3a). In the case of increasing duration of post-lingual deafness,
the right posterior temporal area tends to be progressively reorganized (red line, bottom graph, Fig. 3b) to perform lip-reading and
phonology (blue and green blobs, Fig. 3b). However, these neural
activations do not correlate or negatively correlate with behavioral
performance recorded during lip-reading tasks (blue dotted line,
bottom graph, Fig. 3b), and phonological tasks (written phonology
during the period of profound hearing loss and speech understanding with a CI [green line, bottom graph, Fig. 3b]), respectively.
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It means that this reorganization is not relevant to understanding
visual speech, and may even be deleterious when processing oral
speech. This effect that may seem paradoxical is related to the repurposing of areas already highly specialized in performing
different tasks.
Another example of right hemisphere recruitment following
post-lingual deafness is the visual take-over of the area which
normally processes the human voice (right anterior superior temporal cortex) (Rouger et al., 2012) (blue bob, Fig. 3b). This area is
usually uni-modal (auditory modality), dedicated to human voice
processing and speaker identiﬁcation (Belin et al., 2000; Kriegstein
and Giraud, 2004; von Kriegstein and Giraud, 2006). The bar graphs
in the bottom right of Fig. 3b show that this area does not normally
respond to visual inputs (black bar: no activity in normal-hearing
controls during lip-reading). By contrast, in post-lingual deaf subjects this cortical region is involved in processing lip-reading (blue
bar) but this visual cross-modal reorganization is reversible with
time after auditory rehabilitation (Rouger et al., 2012) (gray bar,
same subjects after few months of CI use).
These examples of right hemisphere involvement in processing
language represent evidence of cortical reorganization tending to
adapt to sensory loss. Unfortunately, using cognitive resources that
were not initially highly specialized in processing the function
required may result in a more pejorative than beneﬁcial effect,
resulting in maladaptive plasticity (Merabet and Pascual-Leone,
2010) with regards to future auditory restoration by a CI. As previously outlined, examples of deafness-related plastic effects in the
right hemisphere are more numerous than in the left (Finney et al.,
2001; Sandmann et al., 2012). Our hypothesis is that some cognitive
functions that are not highly relevant to inter-individual communication (e.g. environmental sound processing) tend to be used less
as hearing worsens. The cortical areas associated with these functions are then available to be re-purposed in order to compensate
for language processing difﬁculties induced by sensory loss and the
progressive degradation of auditory memory. Because of the
asymmetric hemispheric functioning in speech processing, the resources to be re-purposed may be more available on the right side.
From the intrinsic properties of the right hemisphere (lower rate of
myelination and lower cell density), it is more suited to processing
of slow temporal events such as spectral content (Zatorre and Belin,
2001), and may consequently be less efﬁcient in processing rapid
events such as speech. In the case of post-lingual deafness,
involvement of the right hemisphere aims at processing phonology
when hearing worsens from moderate hearing loss (Lazard et al.,
2013) and at processing visual speech accessible from lip-reading
when deafness becomes profound (Lee et al., 2007a).
Once plasticity has occurred during deafness, knowing how the
brain recovers auditory function with a CI is an important issue. Do
all the modiﬁcations reverse? How is the crude CI sound quality
processed? Some answers have emerged and may explain part of
the variability observed in speech understanding outcomes of postlingually deaf CI recipients.
7. Consequences of auditory rewiring
As the brain adapts to the new sensory input provided by a CI,
speech understanding scores gradually improve over time (Fig. 1).
PET studies have shown a progressive reactivation of the auditory
system that includes the neuronal network involved in language
processing (Green et al., 2005; Naito et al., 1995; Wong et al., 1999).
Activation of the auditory areas increases progressively with
respect to CI experience and is also related to the level of speech
comprehension with the implant (Giraud et al., 2001; Mortensen
et al., 2006; Nishimura et al., 2000). Auditory information provided by the CI is sometimes insufﬁcient to be understood on its
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own and needs reinforced audioevisual cooperation (Rouger et al.,
2007). Up to 3 years post-implantation, CI recipients learn to
differentiate speech from noise within secondary auditory areas
(intra-modal plasticity) and visual cortex (cross-modal plasticity)
(Giraud et al., 2001). Extracting meaningful information is not
straightforward with a CI and brain reorganization is required
(Pantev et al., 2006). Speech understanding with a CI varies from
100% to 0% for CI recipients tested in the same conditions (Blamey
et al., 2013). Only 22% of this variability can be related to the clinical
factors such as duration of deafness, age at implantation, residual
hearing, and hearing aid use that are routinely available from
clinical assessments (Lazard et al., 2012b). Understanding those
neurofunctional changes inﬂuenced by other factors that remain to
be elucidated may explain part of the remaining variance: poorer
outcomes would reﬂect either reduced capacity in central adaptation or maladaptive plasticity (Lazard et al., 2010; Merabet and
Pascual-Leone, 2010). Recent ﬁndings support this idea: in the
case of phonological reuse of right posterior temporal cortex, it was
shown that those subjects who disengaged the most from environmental sound processing would become the least-proﬁcient CI
users (Lazard et al., 2013). Visual reorganization of the voice area
was reversible with time post-implantation in proﬁcient CI users
(Fig. 3b) (Rouger et al., 2012), but not in poor CI performers who did
not present any activation of this area to voice stimuli even two
years after cochlear implantation (Coez et al., 2008). The amount of
some of these modiﬁcations implying poor outcome was related to
longer durations of auditory deprivation (Lazard et al., 2010, 2013;
Sandmann et al., 2012). Further, during lip-reading and audiovisual tasks (word recognition) in CI recipients shortly after
cochlear implantation, it was consistently found that activation
within the early visual cortex was positively correlated with successful CI outcome, while activation within the right anterior
temporal area was negatively correlated with CI outcome. It was
hypothesized that marked intra-modal compensation in the visual
cortex and slight visual cross-modal reorganization of the right
auditory areas (including the voice area) were associated with
better CI outcome (Strelnikov et al., 2013). The positive inﬂuence of
the visual cortex in the efﬁciency of auditory speech perception
suggests the existence of neural mechanisms that build up synergy
between the two modalities (Strelnikov et al., 2009).
Whether cross-modal visual processing of speech is deleterious
(Doucet et al., 2006; Sandmann et al., 2012) or beneﬁcial (Barone
and Deguine, 2011) is still controversial, and presumably depends
on the areas involved and the amount of reorganization. It suggests
that the success of CI rehabilitation relies, at least partly, on the
functional plasticity of the brain and involves a subtle balance between intra- and cross-modal reorganization during deafness and
the period of adaptation to the implant.
In some CI candidates, strategies adopted during deafness may
not reverse despite auditory rehabilitation. This failure to correctly
re-organize brain function based on new inaccurate auditory sensory input may be one of the causes of poor post-implant speech
understanding performance. Understanding these reorganizations
is consequently our next challenge. One study has shown that
learning lip-reading at the beginning of deafness, even though
more cognitively demanding than using written communication,
maintains normal auditory-viseme matching and auditory processes: only severely deaf proﬁcient lip-readers showed brain
activation in the audioevisual left posterior temporal cortex during
a rhyming task on written material. The same subjects became
proﬁcient CI users. This suggests that left phonological memory
maintains auditory representations that will later be critical to map
the crude sounds of CI speech processors onto phonological representations. Conversely, switching to a strategy based on visual
written communication was a predictor of poorer outcome: those
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deaf subjects incapable of learning lip-reading and communicating
instead by writing developed a reorganization of the secondary
visual area and right posterior temporal cortex toward meaningful
written material, giving faster access to Broca’s area, but compromising future auditory processing (Lazard et al., unpublished data).
Detecting those patients who have specialized in written communication by a simple behavioral test in the clinic seems within easy
reach (Lazard et al., unpublished data).
8. Conclusion and perspectives
Altogether, beyond the theoretical insights about the intra- and
cross-modal adaptive mechanisms provided by the analysis of
functional reorganization in deafness, the studies reviewed are of
high clinical signiﬁcance as they suggest that brain imaging or
dedicated behavioral tests performed before cochlear implantation
could inform CI prognosis. Based on that prediction, a speciﬁc
cognitive rehabilitation program can be adapted for each patient in
order to speed up or optimize speech comprehension recovery. The
guidance of central modiﬁcations may be one therapy in a close
future. Awaiting this step, we may encourage hearing-impaired
patients to wear hearing aids as soon as possible, before they
start to profoundly adapt to their handicap (Fig. 1). Developing lipreading should also start earlier than practiced nowadays (in profound hearing loss) to avoid skipping progressively to a readingbased strategy. Once severe hearing loss has been reached, dedicated training should be proposed promoting auditory memory and
phonological processing, preserving hemispheric specialization.
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