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Abstract
Auditory re-afferentation by cochlear implants (CI) offers
a unique opportunity to study directly from within the
auditory modality plastic changes taking place at orga-
nisational levels up to the supra- or polymodal level.
These plastic changes resulting from deafness and
chronic electrical stimulation can be studied using mod-
ern neuroimaging techniques. In this paper, we review
the available techniques and the experimental ap-
proaches to human studies of plasticity, we discuss the
different forms of plasticity that are associated with co-
chlear implantation and we point to the interest of imag-
ing studies for providing a prognosis of functional out-
come after implantation.

Copyright © 2002 S. Karger AG, Basel

Introduction

By restoring auditory input to the brain, cochlear
implants (CIs) induce changes in cerebral function that
affect neural structures ranging from cochlear nuclei [Lus-
tig et al., 1994] to extra-auditory cortical territories [Gi-
raud et al., 2001a, b], and that involve all levels of neural

organisation from intracellular components [Nagase et
al., 2000] to large-scale cortical networks [Naito et al.,
2000]. Depending on whether subjects have acquired
auditory language prior to deafness or not, implantation
corresponds to the discovery of a new sensory modality
that minimally interferes with language, or to the restora-
tion of a sense that is essential for communication. The
use the brain makes of an implant and, in particular its
integration as a communication tool, therefore can differ
considerably according to the patient’s individual history,
and these differences are associated with different neural
changes. By restoring or installing hearing, CIs also allow
for investigations of the cerebral organisation resulting
from deafness.

This paper reviews (i) the brain imaging techniques
currently available for studies in implant patients, (ii) the
experimental approaches that can be used and (iii) the dif-
ferent types of plasticity that auditory re-afferentation by
implants induces and that can be studied in humans.
Finally, (iv) we review the insights cochlear implantation
has provided in the domain of human cortical plasticity.

Imaging Techniques in Implant Patients

Magnetic Resonance Imaging (MRI)
Functional magnetic resonance imaging (fMRI) is non-

invasive and if optimised provides images of brain activi-
ty with a spatial resolution of less than 2 mm and a tempo-
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ral resolution in the subsecond range. This technique can
be used for pre-surgical assessment of auditory pathway
functionality up to the primary auditory cortex [Berthe-
zène et al., 1997], and such measurements constitute a
predictive factor for implantation outcome. These assess-
ments are usually carried out using a non-magnetic elec-
trode applied either transtympanically to the promontory
or into the external auditory meatus [Hofmann et al.,
1999]. The most recent stimulation setup uses the conver-
sion of electrical signals into optical signals to drive an
MRI-compatible current source [Obler et al., 1999].

Conventional CIs are not compatible with fMRI. This
incompatibility is threefold: (1) high magnetic fields can
damage electronic elements located within the skull and
provoke local effects (heating, displacement of the device,
etc.), (2) magnetisable elements induce artefacts in the
images, and (3) stimulation by the implant during MRI is
precluded. As MRI may be required for diagnostic pur-
poses during a patient’s life, implant companies are now
developing MR-compatible devices that include no elec-
tronics in the implanted part. The safety of such devices
in the MR scanner has been confirmed [Teissl et al., 1999;
Weber et al., 1999]. However, recent studies conclude
that even with such implants MRI should be used only for
medical indications. Provided that post-implant structur-
al MR scans are acquired safely, MRI could be used to
study morphologic changes in the brain before and after
implantation.

Preliminary reports also indicate the possibility of
obtaining functional images with implants that have no
implanted electronics [Eddington et al., 1999]. The mag-
nitude of the currents induced during fMRI acquisition
are in principle lower than the perceptual threshold of
patients [Lazeyras et al., 2001], suggesting that fMRI can
be performed without producing acoustic artefacts. fMRI
is a promising future technique for examining implant
patients, but currently remains technically demanding.

Positron and Single Photon Emission Tomography
Although inferior to fMRI in terms of temporospatial

resolution, the most commonly used techniques for func-
tional imaging in implant patients are positron emission
tomography (PET) and single photon emission computed
tomography (SPECT). These techniques are both safe for
patients and implants and compatible with implant func-
tion during data acquisition. SPECT is less costly and eas-
ier to handle than PET, but the latter is quantitative and
more specific and sensitive [Beversdorf et al., 1995]. It is
therefore the technique of choice for studying plasticity in
implant patients.

PET is used to measure the brain distribution of a
radioactive tracer incorporated into a relevant biological
ligand (water, glucose, etc.). The local concentration of a
labelled ligand such as oxygen-15-labelled water changes
as a function of local blood flow and metabolism that are
driven by local synaptic activity. By computing and com-
paring the spatial distributions of activity during two
physiological states, PET can detect changes in local
ligand concentration and hence brain activity. The nature
of the radioisotope-ligand complex determines the nature
of the PET images acquired: images of brain metabolism
are acquired with fluoro-deoxyglucose, and perfusion
images with H2

15O. Substances such as labelled water,
with a rapid elimination (half-life 2.1 min), are preferable
for the study of cerebral activation related to different cat-
egories of auditory stimuli because 10 min after an injec-
tion of H2

15O, the amount of residual radioactivity is
negligible and another scan can be taken after a new injec-
tion of tracer. Usually, a dozen successive scans with
injections of approximately 9 mCi at a time are per-
formed in 1.5 h. Under these conditions, duration of
scanning and dose of radioactivity are compatible with
the comfort and safety of the subject [Johnsrude et al.,
2002].

As recently demonstrated in amputees [Capaday et al.,
2000], neurotransmitter-specific ligands can be used for
analyses of plasticity in the topographical distribution of
synaptic receptors. For instance, changes in the distribu-
tion of GABA receptors after implantation, reflecting
plasticity of cortical inhibitory mechanisms, could be
assessed using 11C-flumazenil.

Electro-/Magneto-Encephalography (EEG/MEG)
Although it is common to think of plasticity in terms of

functional neuro-anatomical changes, the adaptation of
the brain to new sensory conditions is also reflected in the
time course of brain responses [Ponton et al., 1996]. The
main disadvantage of PET is that is offers virtually no
temporal resolution of relevance for functional studies.
Stimulus-locked EEG averaging, i.e. auditory evoked po-
tentials, provide a temporally accurate record of subcorti-
cal and cortical signals after an auditory stimulus. Record-
ing of magnetic field changes by MEG is another available
temporally resolving brain monitoring modality [Hari,
1997]. Reconstruction of the probable cortical sources of
auditory evoked electrical/magnetic components is possi-
ble [Ponton et al., 2000] but localisation power remains
far inferior to PET.

The time scale over which plastic changes are expected
is an important criterion in the choice of an appropriate
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technique. EEG/MEG are non-invasive and may there-
fore be used as often as required for correct sampling of
plastic change. They are therefore preferred in follow-up
studies requiring several successive assessments. PET is
the best tool for identifying the neuro-anatomical sub-
strate of plasticity. However, subjects are exposed to
radioactivity and therefore the number of examinations is
restricted (e.g., one per year), which may result in an
undersampling of rapid cortical modifications. If more
frequent sampling is preferred, the dose of radioactivity
per session and therefore the number of observations
have to be reduced.

Separate reviews in this volume report electrophysio-
logical data in humans [Ponton et al., this vol. ] and ani-
mals [Kral et al., this vol.]. The present paper concen-
trates on imaging findings in humans derived from PET
studies.

Experimental Strategies for Functional Imaging
Experiments

Plasticity refers to neural changes occurring over time
and experience. Several experimental strategies have been
used to study plasticity in CI patients.

The simplest strategy is the longitudinal approach
where the same individual is examined repeatedly. As
variability between subjects is higher than the variability
within subjects across imaging sessions, follow-up studies
are very good at detecting activation changes over time.
However, changes in performance over time constitute
the main confound of such studies. The effects associated
with time not only reflect the neural changes that underlie
an improvement of performance as a function of training
with the implant, but also feedback effects resulting from
increasing success in the task. A low-level task, e.g. a
detection task, can help to maintain stable performance
accuracy over sessions but does not ensure a constant
reaction time. The effects detected in follow-up studies
may also simply arise from habituation to the same proto-
col over sessions. Some confounds can be eliminated by
studying differential changes that reflect plasticity-related
effects while cancelling out global effects. For instance,
non-specific habituation to the scanning procedure over
sessions will affect all scanning sessions and conditions
equally and should therefore be eliminated in compari-
sons between conditions.

The second experimental strategy is based on a cross-
sectional approach where patients with varying character-
istics are grouped according to the same timepoint rela-

tive to the neurobiological process under investigation.
The effect of time is then studied by a comparison of
groups at different time points. This approach is preferred
when multiple sessions in the same subject are not possi-
ble, e.g., for studying changes that occur over a very long
period of time. The main problem with this approach is
that the subjects usually differ from each other in factors
other than the factor of interest, i.e., time (duration of deaf-
ness or time elapsed since implantation). In particular,
patients differ with respect to performance that is non-
linearly related to time elapsed from implantation, but also
with respect to other factors independent of time, e.g.,
number of electrodes, side of implantation, educational
level, type of deafness, age at onset of deafness, etc.

A final approach consists in comparing brain responses
in implant patients and control subjects, assuming that
the differences in brain activation patterns reflect cortical
reorganisation induced by deafness and subsequent im-
plantation. As variations in brain activation are in general
not interpretable unless performance is equated between
subjects, this approach requires that both groups perform
equally well during the scans. Ideally, performance should
be identical both with respect to accuracy and reaction
time. In reality, it is almost impossible to perfectly match
groups with respect to both criteria. Accuracy is usually
more demanding for patients than for controls and there-
fore reaction times are often longer. One solution is to
train patients prior to scanning to obtain better homo-
geneity between patient and control groups, but such
training may interfere with the natural evolution of plas-
ticity. A correct match in performance to normal-hearing
subjects can only be reached in some very good CI per-
formers. This approach thus remains most useful in stud-
ies of postlingual deafness.

In summary, none of the approaches described is ideal,
especially because they are all based on comparisons of
brain activity patterns associated with heterogeneous per-
formance (same patient over time, or different groups of
subjects).

Analyses and Statistics

In follow-up studies, each subject constitutes his own
control. With PET, simple contrasts of images sampled at
different time points after implantation can reveal plastic
changes. Direct contrasts, however, pick up only relative
effects. For instance, a reduction of a deactivation ap-
pears identical to an increase in activation. A baseline
condition can be helpful to distinguish between absolute
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and relative effects. If several subjects with different indi-
vidual characteristics (aetiology of deafness, duration of
deafness pre-implantation, performance, etc.) are to be
analysed, effects that are reproducible across subjects will
selectively reveal time effects and eliminate interindivid-
ual variations.

Effects that are specific to CI patients relative to nor-
mal-hearing subjects can reveal cortical reorganisation
resulting from deafness and subsequent implantation. In
theory, inferences relevant to populations of such patients
require experiments that are designed according to a ran-
dom-effects model that requires a relatively large number
of subjects per group [Friston et al., 1999]. In a random-
effects model, the statistics are performed at the level of
average parameter estimates for each condition thereby
collapsing the variance associated with repetitions of a
given condition across subjects in the sample. As it can be
difficult to recruit many patients, a random-effects analy-
sis may not always be possible. Alternative methods that
permit the study of smaller groups of patients and avoid
false positive results can be used. One method consists in
using a fixed-effects analysis to detect any differences
between the groups under study without generalisation to
the patient population at large. Conservative statistical
thresholds (p ! 0.05, corrected for multiple comparisons
or 0.001, uncorrected) are used and then the results are
cross-checked with effects detected in single subjects at
lower statistical thresholds (0.05, uncorrected). By consid-
ering only effects that are significant in the first analysis
and detected in all of the patients and none of the controls
at an identical threshold, this method safeguards against
false positive findings (e.g., driven by 1 or a few subjects).
It also protects against false negative results (weak but
reproducible effects, e.g., effects coming from second-
order contrasts, i.e. contrasts of contrasts) [Giraud et al.,
2001a]. Another approach is to match each patient with 1
control subject, thereby creating pairs of single subjects,
and to consider only effects that are systematically repro-
ducible in each pair. A final approach consists in contrast-
ing single patients against a population of normal sub-
jects.

Interpreting Brain Activity Differences between
Patients and Controls

Patient/control comparisons do not only raise issues of
appropriate statistical analysis but also problems in the
interpretation of results. In a recent paper [Giraud et al.,
2001a], we distinguished three situations:

(1) Only one group activates a region. If a region is
recruited by a given task in every control but none of the
patients, the task can be performed without this region,
provided that all patients were able to carry out the task.
This would suggest that the activated region, albeit acti-
vated in controls, is not critical for the given task even in
controls. This reasoning is not reversible between patient
and control groups. If each patient activates a region that
is never active in controls, then it has to be considered a
new region that is specifically recruited by implant pa-
tients to carry out the task successfully.

(2) Patients and controls recruit the same regions
under different task conditions, consistently in every sub-
ject of each group. This situation raises questions about
the functional specialisation of the region. If a region is
recruited in fewer experimental tasks in patients than in
controls, we can conclude that it is more specialised in
patients, but also that the region is not critical for those
experimental tasks where it is activated in controls but
not in patients. If a region is recruited in more experimen-
tal tasks in patients than in controls, we can only conclude
that the region is less specialised in patients.

(3) A region is activated in one group more than in the
other (statistically) but not consistently across all subjects
of a group. In this case we conclude that the region con-
tributes flexibly depending on task requirements and
individual strategies and that it is not in general indis-
pensable. This interpretation is equivalent for both pa-
tients and controls.

Imaging Plasticity in Humans: How Far Can We
Get?

Brain imaging techniques are sensitive to differential
changes in synaptic activity [see Poldrack, 2000, for
review]. Therefore, they cannot (at least not directly)
detect experience-dependent changes occurring at molec-
ular and cellular levels, but can reveal those occurring at
the level of cortical maps (e.g., spatial organisation of pri-
mary cortices) and at the systems level (e.g., plasticity in
the organisation of the language system, or cross-modal
plasticity). Recent fMRI studies performed in non-human
primates at high magnetic field (4–9 T) suggest that corti-
cal organisation can be imaged up to the columnar level
[Menon et al., 1997; Duong et al., 2000]. Although these
new methods may allow a study of organisational levels
below that of cortical maps (e.g., intra-areal functional
architecture), such high field studies have not yet been
applied routinely to humans. The following paragraphs
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are focussed on large-scale cortical changes associated
with auditory deprivation and re-afferentation that occur
at the cortical map and systems levels.

Deafness-Induced Plasticity

Sensory deprivation is known to cause plastic changes
of brain function, especially during a critical period early
in life [see Kral et al., 2001, this vol.]. Studying these
effects directly requires stimulation of the deprived senso-
ry modality. The sensory re-afferentation provided by CIs
offers an opportunity to study the effects of preceding
deafness on functional brain organisation.

Plasticity Associated with Prelingual Deafness
The absence of auditory input during the development

of language is responsible for a number of differences that
contrast patients with normal brain organisation and per-
formance. These differences consist of:

(1) A takeover of the perisylvian region, that is normal-
ly dedicated to auditory and language processing, by other
sensory modalities. In particular, sign language used by
congenitally deaf adults activates not only visual areas but
also bilateral supratemporal gyri [Nishimura et al., 1999;
Petitto et al., 2000]. Unlike further connections to higher
order auditory areas, connections from the cochlea to the
primary auditory cortex develop irrespective of the pres-
ence of auditory input. Thus, cross-modal competition
remains confined to secondary auditory and association
areas and spares primary auditory regions [Nishimura et
al., 2000]. The selective sparing of primary regions from
takeover by other modalities can be deduced from the
observation that the primary auditory cortex responds to
noise and speech in prelingual CI adults [Herzog et al.,
1991; Naito et al., 1997; Truy et al., 1995]. Persisting sus-
ceptibility of primary regions to potential auditory inputs
allows prelingual patients to detect stimulation coming
from an implant, but is insufficient for speech compre-
hension. The recruitment of auditory association areas by
other cognitive processes, in particular by non-auditory
language, is probably accompanied by an irreversible
depression of connections from the primary auditory
region. This idea is supported by a reduction of activation
in secondary auditory and association language areas in
response to speech in prelingual CI patients compared to
normal and postlingual CI patients [Naito et al., 1997].

(2) An enhancement of visual performance associated
with increased activation of areas related to vision. This is
illustrated by experiments showing that congenitally deaf

people have shorter reaction times, larger evoked re-
sponses and recruit-specific visual areas (e.g., V5/V5a)
more than normal-hearing subjects [Neville and Lawson,
1987a–c; Bavelier et al., 2000].

(3) A discrepancy between functional neuro-anatomi-
cal data and the sensation reported by patients in re-
sponse to electrical stimulation of the auditory nerve.
Despite relatively homogeneous results showing primary
auditory cortex activation by implants, prelingual CI
adults do not systematically experience electrical stimula-
tion of the auditory nerve as an ‘auditory’ sensation.
Auditory nerve stimulation can be associated with addi-
tional manifestations such as eye movements or somato-
sensory sensations [Ponton et al., 1993] probably due to
excitation of other nerves located in the vicinity of the
electrodes or perhaps due to the development of cross-
modal connections. More surprisingly, some patients re-
port no sensation despite significant cortical responses
[Truy et al., 1995].

Plasticity Associated with Postlingual Deafness
A number of studies in humans and animals illustrate

critical periods for both language and hearing develop-
ment. If performed later, the efficiency of implantation for
oral communication is compromised. In contrast to prelin-
gual CI patients, those patients who lost hearing after the
critical stages of language development show sound-
induced responses after implantation that often extend to
secondary auditory and association cortices, even very
soon after implantation, i.e. before significant language
rehabilitation [Naito et al., 1997; Okazawa et al., 1996].

We recently confirmed this observation. We studied
the functional neuro-anatomy of the auditory system
resulting from deafness in 4 postlingual CI patients. Early
responses to sounds were obtained with PET in the 1st
week after implant switch-on. All patients recruited pri-
mary and non-primary auditory cortices contralateral to
the implant. The activation of non-primary auditory
areas, however, was not specific and occurred in response
to different sound categories (speech and noises) (fig. 1).
This observation correlated with the inability of patients
to distinguish speech from noises at that stage.

Non-specific cortical responses contralateral to audito-
ry nerve stimulation are not very informative about deaf-
ness-induced plasticity, as similar responses persist after
implantation in both pre- and postlingual CI patients
[Naito et al., 1995]. Responses specifically associated with
speech stimuli recorded very early after implantation
reveal more about the impact of deafness on the organisa-
tion of the language system. Although secondary auditory
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Fig. 1. In a postlingually deaf patient im-
planted on the left side, auditory cortex acti-
vation in response to speech and noise was
contrasted with silent baseline (implant
switch-on). The patient was scanned with
PET 1 week after implant first switch-on and
1 year later. Activation of primary and non-
primary auditory cortices is observed 1 week
after implant switch-on. One year later,
sound-related activation is focussed on the
primary region. The non-primary regions
have changed their functional specialisation
during the 1st year post-implantation.

Fig. 2. Evolution of speech-related activa-
tion in the auditory cortex in the same pa-
tient as in figure 1. At 1 week, no brain
region is specifically associated with speech.
After 1 year, speech recruits the auditory cor-
tex contralateral to implant. After complete
rehabilitation, speech activates the classical
superior temporal speech regions of the left
hemisphere.

and association areas can be recruited by sounds even
after a long period of deafness, their specificity is pro-
foundly altered. Response patterns undergo major reor-
ganisation in the months following implantation.

Plasticity Subsequent to Implantation

Recent imaging studies show that cortical reorganisa-
tion can be observed in adults after implantation [Suarez
et al., 1999]. These studies were mostly conducted in
implanted postlingually deaf adults, as prelingual deaf
adults are no longer implanted and children cannot un-
dergo scanning with radioactive tracers. We review here
the principal findings in a hierarchical way, from the cor-
tical map level to the cross-modal level.

Reorganisation of the Primary Auditory Cortex
Reorganisation of the primary auditory region has

mostly been studied in animals. We recently sought to

assess the plastic changes occurring in this region during
the 1st year post-implantation. We carried out a PET
study where we compared the cerebral blood flow at rest
and in response to speech and noises in 4 postlingual CI
patients during the 1st week after the implant switch-on
and after 1 year of daily practice with implant. We consis-
tently observed less activation in the primary region in
response to noises relative to a silent baseline condition
after 1 year. At this time point we also noted a reduction
of the number of activated clusters in the whole brain and
activation was limited to the primary auditory region.
These effects are shown in 1 patient (fig. 1). Similar reduc-
tions of activation have been observed during learning.
They were associated with increase in strength of the con-
nectivity between regions implicated in the learning pro-
cess [Buechel et al., 1999]. Improvement of synaptic effi-
ciency in association with reduction of attentional effort
may account for these observations.

These results are not in contradiction with the enlarge-
ment of cortical regions stimulated by implants, with
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Fig. 3. Cerebral activation with PET in groups of 4 postlingual CI
patients tested at different stages of the rehabilitation process. The
same 4 patients were tested during the 1st week after the implant
switch-on and a year later. A group of 6 other patients were tested,
with an identical protocol, after complete rehabilitation (Rehab. CI).
The response patterns can be compared with those obtained in a
group of 6 normal-hearing subjects (NH). Several days of practice
with implant speech does not produce specific cortical activation
when contrasted with noises. After 1 year of practice, speech specifi-
cally involves perisylvian regions, mostly in the right hemisphere (2/4
patients were implanted on the left). In rehabilitated patients, the
cortical pattern associated with speech is similar to normal, in partic-
ular with a restoration of the implication of the left hemisphere.

spreading into neighbouring regions, as observed in ani-
mals [Klinke et al., 1999]. Enlargements result from the
absence of concurrent stimulation when using single-
channel stimulation in congenitally deaf animals. With
multichannel implants in postlingual CI patients, the situ-
ation is closer to physiological conditions. Competition
for cortical space can occur within the primary auditory

cortex due to concurrent stimulation from neighbouring
electrodes. Regulation can also occur across auditory
areas, as the activation produced by the implant extends
to secondary and association areas. Differences in activa-
tion level of auditory association cortices arising from the
implant coding strategy may additionally influence the
regulation across cortical areas [Fujiki et al., 1998].

Reorganisation of the Speech Perception System
Many studies have described cerebral activation pat-

terns in response to speech in postlingual CI patients.
Very few of them, however, have shown response patterns
specific to speech (relative to other sounds) and the evolu-
tion of these patterns over time after implantation. As
mentioned above, we carried out a longitudinal study and
observed that very soon after implantation words (con-
trasted with silence) were processed mostly by the contra-
lateral association auditory cortex whatever the side of
implant, and there was no specific response to words.
After a year of practice with the implant, activation spe-
cific to words (words 1 noises) appeared in each of the 4
patients and progressively involved the classical left lan-
guage regions. Yet, a clear left-sided activation in re-
sponse to the same stimuli was observed only after reha-
bilitation, in patients with very good performance. Their
activation pattern was very similar to that of normal-hear-
ing subjects scanned under similar conditions, though
more bilateral [unpublished data] (fig. 2, 3).

The usefulness of longitudinal studies to study plastici-
ty in the speech perception system is limited by patients’
speech performance after 1 year. In this context, the cross-
sectional approach may be more appropriate. In a cross-
sectional study involving post- and prelingual CI patients,
Naito et al. [1997] did not observe a significant correla-
tion between the relative increase in regional cerebral
blood flow in left auditory association areas (BA 21/22) in
response to speech and the duration of practice with an
implant. This negative finding illustrates the fact that to
investigate the full range of adaptive plasticity, experi-
mental designs must go beyond mapping and address in
detail the stimulus-response functions in areas where plas-
tic changes are expected by contrasting specific experi-
mental conditions. When contrasting meaningful sounds
(words, syllables and environmental sounds) with noises,
we recently observed in BA 21/22 in postlingual patients a
significant correlation with duration of implant utilisa-
tion [Giraud et al., 2001b]. These observations converge
to suggest that the speech perception system progressively
learns to differentiate meaningful sounds from noises and
that it probably does so by progressively reducing the
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Fig. 4. Wernicke’s area (circle) has a finer
functional specialisation in normal-hearing
subjects than in rehabilitated postlingual CI
patients. This region is only recruited by
speech in controls (w = words, syll. = sylla-
bles), but also responds to environmental
sounds (s) in CI patients [adapted from Gi-
raud et al., 2001a].

entry of irrelevant inputs evoked by meaningless noises
into the language system.

In the same line of studies, we have further explored
the functional response properties of language-specific
cortical regions and their plasticity. We demonstrated
that Wernicke’s area had broader response properties in
rehabilitated postlingual implant patients than in normal-
hearing controls [Giraud et al., 2001a] (fig. 4). Several
studies had previously shown that Wernicke’s area was
activated in post- and even prelingual CI patients in
response to speech [Okazawa et al., 1996; Naito et al.,
1997]. However, the specificity of the response was not
clear. We found that Wernicke’s area responded selective-
ly to words and syllables but not to environmental sounds
and noises in controls [Giraud and Price, 2001], whereas
in patients there were also responses to non-verbal mean-
ingful sounds (environmental sounds). This suggests that
the functional response properties of Wernicke’s area are
modified in rehabilitated postlingual implant adults.

In sum, our studies suggest that deafness induces a loss
of functional specialisation in auditory association areas.
This process can be reversed by implantation. Some
degree of specialisation is progressively reacquired, but
even in long-term rehabilitated CI patients it remains less
precise than in normal-hearing subjects. These findings
confirm earlier observations on CIs that, unlike the obli-
gatory recruitment of primary auditory cortex, recruit-
ment of auditory association areas relies on experience
and is dependent on the nature of the auditory input.

Reorganisation in Multimodal Systems: Semantics,
Memory and Attention
Hard-wired reorganisation such as changes in func-

tional specialisation of a given cortical region (remapping)
depends largely on the nature of the afferent stimuli. This
form of reorganisation can be distinguished from other
forms of adaptation that are more flexible and depend on
task requirement (comprehension, repetition, passive lis-
tening) rather than on stimulus characteristics. The latter
form of adaptation to implants implicates supramodal
brain regions such as the semantic system and regions
involved in memory and executive functions.

Several imaging studies have suggested that sound pro-
cessing requires the involvement of larger cortical net-
works in CI users than in normal-hearing subjects [Naito
et al., 2000; Giraud et al., 2000]. Wong et al. [1999]
showed in a PET study that processing strategies in post-
lingual CI patients differed from those in normal-hearing
subjects. These strategies involved brain regions outside
the speech network, in particular the semantic system. In
a recent study, we confirmed decreased responses in
semantic regions in patients compared to control subjects
[Giraud et al., 2000]. We further sought to understand
whether this indicated reduced semantics-related activa-
tion without changes in the response properties, or alter-
ations of the nature of the processes taking place in
semantic regions [Giraud et al., 2001a]. In normal-hear-
ing subjects, we observed an activation of the left anterior
inferior temporal region [Giraud and Price, 2001]. This
activation was not consistently observed in CI patients.
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Decreased levels of activation and larger interindividual
variability in CI patients than controls were also observed
in the temporoparietal junction (BA21/39). This multi-
modal semantic region [Mummery et al., 1998] was spe-
cifically recruited when subjects repeated words but not
when they processed syllables or environmental sounds
[Giraud and Price, 2001]. No change in functional spe-
cialisation was associated with decreased activation in
inferotemporal and temporoparietal semantic regions.
We concluded that the same semantic regions are impli-
cated in patients and controls, but their recruitment is less
systematic in CI patients.

Our study additionally demonstrated that semantic
processing in postlingual CI patients implicates more
brain regions than in controls. We observed that meaning-
ful sounds (words and environmental sounds) not only
engaged semantic regions but also the parahippocampal
gyrus whereas meaningless sounds did not. In control sub-
jects, no such activation was observed [Giraud et al.,
2001a]. Activation of the parahippocampal region, that
usually works as an interface between perception and
encoding of stimuli [Buffalo et al., 1999; McDermott et
al., 1999; Rombouts et al., 1999], suggests that mnemonic
contributions to speech comprehension with an implant
are important. This is not surprising since even very good
implant performers compensate for acoustic ambiguities
with an increased utilisation of contextual information
[Wong et al., 1999], which requires more internal rehears-
ing and more elaborate mnemonic operations.

Attention is another cognitive faculty that helps pa-
tients to increase the accuracy of comprehension when
facing incomplete and ambiguous auditory stimuli. We
observed that postlingual rehabilitated patients recruited
a set of regions classically involved in attention [Benedict
et al., 1998; Coull and Nobre, 1998] in many auditory sit-
uations but also in the mere expectancy of auditory stimu-
li [Giraud et al., 2000]. Patients implanted on the left side
showed a larger effect than patients implanted on the right
side in the left lateral premotor and intraparietal regions
when they were attending to speech. Activation of atten-
tional regions reflects specific strategies to compensate for
processing degraded speech signals with monaural stimu-
lation [O’Leary et al., 1996].

We found further arguments for enhanced attentional
top-down mechanisms in sound processing in CI patients.
When listening to sentences, rehabilitated CI patients but
not normal-hearing subjects recruited Heschl’s gyrus. As
the experimental condition (heard sentences) controlled
for primary auditory processing by contrasting against a
condition that involved listening to vowels, the recruit-

Fig. 5. Implication of the brainstem (compatible with the location of
the superior olivary complex) when postlingual CI patients expected
speech sounds to occur. The histograms indicate the estimated varia-
tions of blood flow relative to the mean of all conditions (H = hearing
vowels; E = expecting vowels).

ment of Heschl’s gyrus is likely to correspond to top-down
modulation of early auditory processing that is evoked by
task demand. Moreover, in a task where speech stimuli
were expected, we observed a greater activity in the lower
brainstem in postlingual implant patients than in controls
(fig. 5). The location of the activation is compatible with
that of the superior olivary complex. This structure con-
tains efferent neurones involved in low-level attentional
mechanisms [Giard et al., 1994] and in extraction of
speech signals from background noise [Giraud et al.,
1997]. This activation occurring without auditory stimu-
lation is likely to reflect ‘top-down’ attentional control. As
the olivocochlear neurones are no longer functional in CI
patients, it is plausible to assume that top-down control
should take place at the first stage where ascending audi-
tory information can be modulated. These findings sug-
gest that enhanced modulation via feedback loops also
contributes to speech comprehension after cochlear im-
plantation.
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Fig. 6. In postlingual CI patients, the re-
sponse of visual cortex to sounds evolves as a
function of time post-implantation in a stim-
ulus-specific manner. Visual cortical activa-
tion was observed together with activation of
auditory and superior parietal cortices. The
latter region could mediate interaction be-
tween auditory and visual cortices [adapted
from Giraud et al., 2001b].

The conclusion of these studies is that patients resort to
different neural strategies to access the meaning of sounds
and to achieve performances that are similar to controls.
They recruit the semantic system in a less specific and
systematic way than controls but manage identical tasks
by going through a series of concurrent steps involving
non-specific cognitive networks such as those underlying
attention and memory. The redistribution of cognitive
resources in patients can be viewed as a form of cortical
plasticity that does not entail alterations of functional
neuro-anatomy.

Cross-Modal Reorganisation
We recently observed another form of post-implanta-

tion reorganisation that involves cortical regions beyond
association areas and supramodal networks. Several PET
imaging studies have systematically pointed to an in-
volvement of visual cortex in response to sounds in the
absence of any visual stimulus [Young et al., 1998; Giraud
et al., 2000; Giraud et al., 2001a, b]. We found that visual
cortex was already activated by sounds as early as several
days after implant switch-on. Increased excitability of
visual cortex by sounds could reflect dependence on
vision during previous deafness (lip-reading). Surprising-
ly, however, rather than attenuating after auditory resto-
ration, cortical visual responses to sounds evolved as a
function of time from implantation (fig. 6). Moreover, the
responses became increasingly selective to sounds that

were likely to convey a meaning (words, syllables and
environmental sounds), and thus likely to require comple-
mentary visual processing. Specific activation of the vi-
sual cortical response to meaning evolved in parallel with
the discrimination of noises from meaningful sounds in
the association auditory cortex (BA 42/22). No such evo-
lution of neuronal response properties was observed in the
primary auditory cortex, which remained sensitive to any
kind of sound over time (fig. 6). A similar dissociation of
response properties between primary and association au-
ditory cortices has previously been observed in CI pa-
tients [Fujiki et al., 1999].

Parallel refinement of neural response properties in
visual and auditory association areas can result from
cross-modal learning. Similarly located activation in early
visual cortex (B18, V2) were observed in response to pure
tones, after subjects had been trained to make specific
audiovisual associations, i.e., learned that tones signalled
visual events [McIntosh et al., 1998]. After such training,
presentation of one stimulus alone raised the expectancy
of the other and thus engaged the non-stimulated modali-
ty. In the absence of direct connections between auditory
cortices and early visual cortical areas, cross-modal effects
are likely to be mediated by higher-order cortical areas.
We found by regression analysis that visual cortical activi-
ty correlated with that of superior parietal cortex. This
region, classically involved in attention, could relay cross-
modal effects.
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After implantation, patients learn to match new and
ambiguous sounds with their visual source. As the main
goal of patients’ everyday training is speech comprehen-
sion, we hypothesised that visual activation should some-
how be related to the visual support to speech, lip-reading.
We observed a positive correlation between lip-reading
abilities and visual cortical recruitment; the patients with
the larger cerebral blood flow increases in this region were
also those with the better lip-reading performances. As
this observation seemed to contradict the intuitive idea
that after implantation patients should rely less on lip-
reading, we studied the evolution of lip-reading perfor-
mance after implantation in 20 postlingual implanted
patients. We observed a U-shaped curve with an initial
decrease of lip-reading performance just after implanta-
tion followed by a slight but significant improvement of
performance that parallels the refinement of the response
properties in visual cortex.

These findings corroborate previous behavioural data
in prelingual patients [Tyler et al., 1997], suggesting that
implantation promotes a mutual reinforcement of vision
and hearing.

Predicting the Functional Outcome of
Implantation

Aside from providing direct insights into the mecha-
nisms of cortical plasticity, imaging techniques are ex-
pected to give valuable information relative to the out-
come of implantation. A very large body of literature
addresses this issue and it is beyond the scope of this
review to summarise these studies. One line of research
was to try to establish correlations between the level of
electrical stimulation and the magnitude and extent of the
cortical region activated. No conclusive result has been
reached in this direction. However, a very recent study
provides a new view on the topic. Lee et al. [2001] demon-
strated that speech perception after implantation was bet-
ter if auditory cortex had been hypometabolic before.
Resting metabolic activity indicates to which extent de-
prived cortices have been taken over by competing synap-
tic inputs. This process is detrimental to reconnecting the
auditory signals to large-scale neural circuits and there-
fore compromises the use of the auditory modality in lan-
guage function. The study fits well with former findings
that showed: (i) increased metabolic activity in the audito-
ry cortices in cases of deafness of early onset and in the
visual cortex of congenitally blind subjects [Catalan-Ahu-
mada et al., 1993], and (ii) decreased metabolic activity in

auditory cortex in postlingual deafness of short duration
[Ito et al., 1993].

Assessment of variable degrees of hypometabolism
across cortical auditory regions could thus provide a dif-
ferentiated picture of the potential of the auditory cortex
to be recruited for oral communication. As it stands,
hypometabolism in auditory regions seems to be a prom-
ising predictor of implantation outcome.

Conclusion

Brain plasticity is classically viewed as the competition
of sensory afferents for cortical space. When occurring
early in life, sensory deprivation is accompanied by a
recruitment of deprived cortices in response to input from
the intact senses [Bavelier et al., 2000; Roder et al., 1999;
Weeks et al., 2000; Rettenbach et al., 1999]. Hence, in
subjects deafened prior to language acquisition auditory
cortex participates in processing sign language [Nishimu-
ra et al., 1999]. Cross-modal plasticity, however, is one of
several aspects of brain plasticity associated with sensory
deprivation. Brain imaging in cochlear implant patients
has permitted identification and characterisation of other
forms of brain plasticity associated with sensory depriva-
tion and re-afferentation, and to delineate the large-scale
neuronal networks in which plasticity can operate.

Cortical plasticity resulting from deafness generally
spares primary auditory regions but affects post-process-
ing cortices. The degree and nature of reorganisation in
secondary and association auditory cortices is variable,
depending on whether deafness occurred before or after
critical stages in language development. In prelingual deaf
subjects, hard-wired cross-modal connections preclude
participation of these regions in oral communication. In
postlingual deaf patients, cross-modal compensation is
less important or involves reversible mechanisms permit-
ting functional recovery.

Brain plasticity also occurs after implantation. As with
deafness, the most important time-related changes are not
observed in primary regions. Modifications of functional
specialisation can be observed in auditory association cor-
tices. Implantation additionally induces a flexible redis-
tribution of supramodal cognitive resources. In the con-
text of speech comprehension, this corresponds to a redis-
tribution of the level of activity between brain regions
involved in attention and memory and semantic process-
ing.

Repeated use of a given cognitive strategy induces fur-
ther cortical plasticity. Completing the information pro-
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vided by an implant by cues gathered from other sensory
modalities, in particular from vision, is a common strate-
gy that progressively gives rise to stable cross-modal
effects. The dynamics of these cross-modal effects suggest
that restoring auditory input provokes a mutual reinforce-
ment of vision and hearing rather than a rapid return to
segregation between the senses.
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