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Cochlear implants (CI) are the most successful intervention for ameliorating hearing loss in severely
or profoundly deaf children. Despite this, educational performance in children with CI continues to lag
behind their hearing peers. From animal models and human neuroimaging studies it has been proposed
the integrative functions of auditory cortex are compromised by crossmodal plasticity. This has been

argued to result partly from the use of a visual language. Here we argue that ‘cochlear implant sensitive

Keywords; periods’ comprise both auditory and language sensitive periods, and thus cannot be fully described with
Cochlear implant . . i : . . . £ avi
Deafness animal models. Despite prevailing assumptions, there is no evidence to link the use of a visual language

Functional decoupling
Crossmodal reorganisation
Delayed/insecure language acquisition

to poorer CI outcome. Crossmodal reorganisation of auditory cortex occurs regardless of compensatory
strategies, such as sign language, used by the deaf person. In contrast, language deprivation during early
sensitive periods has been repeatedly linked to poor language outcomes. Language sensitive periods have
largely been ignored when considering variation in CI outcome, leading to ill-founded recommendations
concerning visual language in CI habilitation.

© 2013 Published by Elsevier Ltd.
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1. Introduction

The advent of paediatric cochlear implants (Cls) has been a sig-
nificant achievement in restoring hearing (Archbold and Mayer,
2012). With a CI, the 5000 inner hair cells of the human cochlea
are replaced with up to 22 electrodes which directly stimulate the
remaining auditory nerve fibres. This is not intended to replicate
the auditory signal, but crudely simulates the main coding princi-
ples of the cochlea (Wilson etal.,2011). For the 1 in 1000 children in
the UK who are severely or profoundly deaf by their third birthday
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E-mail address: c.rebeccalyness@gmail.com (C.R. Lyness).
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(over 90% of whom are the children of hearing parents), cochlear
implantation is recommended by clinicians in the majority of cases.
This has resulted in a dramatic increase in the uptake of Cls in the
past 10 years.

Children who receive implants in early childhood (<3 years)
develop speech processing abilities, often far in advance of those
predicted for a deaf child without a CI (Stacey et al., 2006). As
age and duration of deafness increase, the positive effects of Cls
become less predictable, although they can still be extremely effec-
tive in some cases (Markman et al., 2011). Extensive habilitation is
required in order to achieve speech production and comprehen-
sion skills comparable to those of a hearing child. Even with such
interventions, group studies suggest that the long-term prognosis
for the child with CI does not always bring her within close range
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What is visual language? For the purposes of this review article, we define visual language as language, or a language derivate, perceived in the visual modality.

Visual language

Explanation

Notes

Speech Reading (Lip Reading)

Sign Supported Speech (SSS)

Sign Language

Deducing the content of speech from viewing orofacial gestures.

Specific, consistent manual actions are used simultaneously with
seen speech to provide disambiguating phonological information.

Speechreading accompanied by manual signs. Unlike sign
languages, the signs are not part of any formalised grammatical
system. Unlike Cued Speech, the signs do not provide discrete
phonological information. The signs follow the order of the spoken
language, are typically used to indicate lexical items, and can be
considered as a means of providing additional semantic
information to the perceiver.

Sign Languages are the natural languages of deaf communities.
Hands, arms, upper torso, and face actions (including mouth
actions) are all used in sign languages. Approximately 200 sign
languages have been identified, reflecting spontaneous
development within deaf communities. They have their own
grammars, distinct from the spoken language of the surrounding

Information about articulation is partially visible: the tongue is
the major articulator and is often hidden within the mouth.
Despite this, excellent speechreading can be achieved by some
people (Campbell, 2008).

This has been designed to support spoken language between
hearing caregivers and deaf children (Narr and Cawthon,
2010).

SSS is used to communicate with people who may be deaf or
language-impaired or who have problems with speech
articulation. Although developed from distinct theoretical
bases, Simultaneous Communication (SC) and Total
Communication (TC) can be considered forms of SSS, since
they afford a means for hearing and deaf people to
communicate using a mixture of speech and signs. TC may be
implicated especially in language rehabilitation in CI (Knoors
and Marschark, 2012).

Sign languages, unlike the other forms of visual
communication (see above) demonstrate key linguistic
universals in the domains of phonology, semantics and syntax.
When acquired as a first language, sign language and spoken
languages are processed in similar brain regions (see
(MacSweeney et al., 2008) for review).

community

of the child with normal hearing (Venail et al., 2010; Geers et al.,
2011). A large sample of US teenagers implanted with CI between
2 and 5 years was investigated in elementary school (CI-E tests)
and again as teenagers (CI-HS tests) by Geers and colleagues. By
their teenage years, nearly 30% of students were not within one
standard deviation of hearing children on tests of simple verbal
reasoning such as WISC IlI, and over half demonstrated a signifi-
cant gap between their verbal intelligence quotient (VIQ) and their
performance intelligence quotient (PIQ) (Geers and Sedey, 2011).
Nearly 20% of students with CI made minimal progress in reading
skills between CI-E and CI-H testing sessions, and written expres-
sion remained a problem for the majority of CI students, with only
38% scoring within one standard deviation of the hearing students
(Geersand Hayes, 2011).Itis evident thata Cl does not simply trans-
form adeaf child into a hearing child, and a greater understanding of
the reasons for these differences in Cl outcome is needed if such dif-
ficulties are to be overcome. The aim of this article is to review the
evidence on the effect of visual languages (Table 1) on neural func-
tion in deaf people, and their relation to Cl success. We propose that
auditory deprivation and delayed language acquisition have inter-
acting effects. Until now, these effects have been confounded. Most
researchers have implied that early experience with a visual lan-
guage impacts negatively on CI outcome. However, these studies
have failed to account for the level of (visual) language acquisi-
tion in the pre-implant child. We propose that this has led to a
misleading perspective in relation to habilitation and intervention,
and unjustified recommendations in relation to the use of visual
language for deaf children with CIs.

2. Animal models of auditory cortical sensitive periods

Neural development is the result of a dynamic interplay
between a genetically specified developmental trajectory and
extrinsic environmental factors. A ‘sensitive period’ is a period of
time during which the development of a particular brain func-
tion is very sensitive to external input (Knudsen, 2004). Sensitive
periods have been shown for a variety of brain functions, includ-
ing language, audition and vision. Deprivation of external input
(or aberrant input) during a sensitive period will prevent typical
development of neural circuitry for the particular function. When
environmental input is restored after deprivation during the sensi-
tive period, this alone will not normalise the affected brain circuitry

(Hubel and Wiesel, 1977; Hensch, 2004; Knudsen, 2004; Hensch,
2005).

Animal models of CI have been developed to explore the neu-
rophysiology of auditory deprivation, and what is often called the
‘cochlear implant sensitive period’ (Kral and Sharma, 2012). In this
paradigm, deaf animals will be implanted after a certain period of
time, and the effect of electrical stimulation on the neural circuitry
for hearing examined. There is abundant evidence that early audi-
tory input is a necessary pre-requisite for typical development of
auditory cortex. If a congenitally deaf cat receives a CI before it is
3 months old, 5 months of electrical stimulation of the auditory
nerve will restore local field potentials (LFPs) in auditory cortex
to a level comparable to hearing cats (Kral et al., 2002). However,
if cats are implanted after 6 months of age, no amount of electri-
cal stimulation will normalise their LFPs (Kral et al., 2002). Further
research has been completed on aberrant properties of auditory
cortex, which do not normalise following electrical stimulation of
the auditory nerve subsequent to the sensitive period (Kral et al.,
2006a). In a comprehensive paper on the effect of congenital deaf-
ness on the cortical representation of interaural time differences,
the amount of auditory cortex which responds to electrical stimu-
lation of the auditory nerve was shown to be reduced (Tillein et al.,
2010). This is likely to affect the absolute amount of information
auditory cortex is capable of representing. Further, the maximum
rate of firing for spike trains in auditory cortex was also reduced,
which has consequences for representing stimuli with dynamically
changing sound intensity (Tillein et al., 2010). The auditory cortex
of congenitally deaf animals who receive Cls possesses a rudimen-
tary capability to represent interaural time differences, which has
been argued to be mediated by subcortical structures (Tillein et al.,
2010), that develop before hearing onset (Heid et al., 1997). Cortical
cochleotopy, which encodes place information from the cochlea, is
also reduced in animals that have been deaf for an extended period
of time (Raggio and Schreiner, 1999). Unlike many other proper-
ties of the auditory system, cochleotopy can be largely restored
in neonatally deafened cats following chronic electric stimulation
with a cochlear implant (Fallon et al., 2009).

Animal models of auditory deprivation have clarified many of
the neurophysiological underpinnings of these functional deficits.
Typical development of auditory cortex is characterised by an early
period of synaptogenesis, and subsequent pruning to remove non-
functional circuitry (Huttenlocher and Dabholkar, 1997). However,
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in congenitally deaf cats, the process of synaptogenesis is increased
and delayed (Kral et al., 2005). Without environmental input to
shape functional circuitry, pruning mechanisms are indiscriminate
(Kral et al., 2005). Despite this, a level of residual plasticity remains
(Kral et al., 2002; Schramm et al., 2002; Sharma et al., 2007).

This residual plasticity is, however, thought to be undermined
by the process of ‘functional decoupling’ whereby primary auditory
cortex is no longer capable of being modulated by higher auditory
fields (Kral and Sharma, 2012). Proper function of auditory cortex
is predicated on the basis that it is a densely reciprocally intercon-
nected system, which enables consistent top-down and bottom-up
comparisons of information (Kral and Sharma, 2012). Electrophysi-
ological recordings and histological analyses display abnormalities
ininfragranular cortical layers, the posited neural locus of this inte-
grative activity (Kral and Sharma, 2012). The partial decoupling of
primary auditory cortex from modulation by higher order auditory
fields has been proposed to contribute to the closure of the auditory
sensitive periods (Kral et al., 2006b; Kral, 2007). It has been claimed
that crossmodal reorganisation of visual and somatosensory pro-
cessing to auditory cortex may impede the top-down modulation
of primary auditory cortex by higher auditory fields (Kral et al.,
2006b; Kral, 2007).

3. Sensitive periods for cochlear implantation in children:
an interaction between language and auditory sensitive
periods

There is no doubt that animal models provide detailed informa-
tion on the neurophysiological sequelae of congenital and neonatal
deafness. However, these ultimately fall short of providing a satis-
factory model for paediatric CI. Their primary purpose is to provide
a physiological basis for understanding how early hearing loss
impacts complex auditory function-of which heard speech is the
prime example in humans. However, heard speech is not simply
an auditory/acoustic function; it also reflects linguistic develop-
ment: language cannot be considered with an animal model. We
propose the cochlear implant sensitive period should be consid-
ered to encompass both a sensitive period for auditory processing
and a sensitive period for language processing.

Language acquisition starts in the womb (DeCasper and Spence,
1986; Moon et al., 1993), and sensitive periods for different heard
language skills have been described, many of which occur dur-
ing the first year of life (Kuhl, 2004). In deaf children raised in
deaf families and exposed to a sign language as a first language,
the developmental pattern of language acquisition follows the
same time-course as that for spoken-and-heard language, with
similar milestones, patterns of mastery, and adult language skills
(Meadow-Orlans et al., 2004) (see Box 1). Similarly, deaf children
raised in a cued-speech environment (see Table 1) from their ear-
liest days can reach levels of mastery of spoken language within
range of their hearing peers, when tested at school-age (LaSasso
and Crain, 2010; Leybaert and LaSasso, 2010). If congenitally or
early deaf children are not exposed to a visual language early in
life, it is likely that these children will miss part of the sensitive
period for language learning, which may contribute to poor lan-
guage outcomes in spite of residual auditory plasticity.

Crossmodal reorganisation, implicating visual ‘takeover’ of the
auditory modality, has been argued to contribute to the closing
of the cochlear implant sensitive period (Kral and Sharma, 2012),
as late implanted children tend to show poorer speech outcomes
than one would expect given the observed residual plasticity in the
auditory cortex of deaf animals. Arguments that visual takeover is
linked to poor CI outcome are of paramount importance, as vision
is the major modality through which deaf children can access lan-
guage. Exposure to sign language has been linked to maladaptive

Box 1: Sign Language-Linguistic Evidence for a Sensi-
tive Period in Acquisition

Sign languages are a class of natural human language which
are produced by movements of the hands and arms and
perceived visually (gestural-visual modality). Sign languages
are not derived from or related to the spoken languages of
the surrounding hearing population and arise spontaneously
wherever deaf communities come into existence (Sutton-
Spence and Woll, 1999). In families where parents are deaf
and use sign language, children acquire a sign language as
a native language. Deaf children born to hearing parents have
in the past learned sign language in childhood when they have
attended schools for the deaf with deaf children who sign,
or more recently through early intervention programmes. All
intervention programmes using sign language have as their
goal bilingualism in a sign language and a spoken/written
language (Mitchiner et al., 2012). Most studies distinguish
between children exposed to sign language by the age of 4
(these may be native or early signers -ES) from those exposed
to SL following failure to acquire a spoken language as a first
language (SL as a late L1) and those who learn an SL following
acquisition of a spoken language (SL as an L2).

The course of language acquisition is remarkably similar for
children developing a signed or spoken language, despite the
modality differences (Schick, 2003). However, studies have also
shown consistent differences between native signers and late
L1 learners, providing evidence for the existence of a sensi-
tive or critical period for sign language acquisition, paralleling
that for spoken language. Deaf children may only be exposed
to a sign language after failing to acquire a spoken language
and this late exposure to an accessible first language gener-
ally results in long-term language deficits. Studies have used
a wide variety of tasks comparing deaf adults who acquire a
sign language in infancy with late L1 learners. Differences have
been reported in use of verb morphology (Newport, 1990),
sentence shadowing and recall (Mayberry and Eichen, 1991,
Mayberry, 1993), grammaticality judgments (Boudreault and
Mayberry, 2000; Cormier et al., 2012a,b), and language pro-
cessing (Emmorey and Corina, 1990, Emmorey et al., 1995).
Forexample, Cormier et al. (2012a,b) found that the accuracy of
grammaticality judgements for sentences of British Sign Lan-
guage decreases as age of sign language acquisition increases
for the late L1 group.

Language comprehension is also affected by delayed expo-
sure. Late L1 learners take longer and need more visual
information than native signers to identify signs (Emmorey
and Corina, 1990). English grammatical abilities of deaf adults
who either did or did not have linguistic experience (spoken or
signed) during early childhood were investigated with gram-
maticality judgement and sentence-to-picture matching tasks
(Mayberry and Lock, 2003). Deaf adults who were late L1 learn-
ers performed poorly.

crossmodal plasticity, forever compromising the ability of audi-
tory cortex to process spoken language (Nishimura et al., 1999; Lee
etal., 2001; Giraud and Lee, 2007). Experience with speech-reading
prior to CI has been argued to disrupt crossmodal integration of
auditory and visual information, biasing it in favour of visual infor-
mation (Hirano et al., 2000). In some implantation programmes,
sign language and speech reading are contra-indicated prior to
CI for these reasons, and prevailing habilitation strategies for CI
focus on training the auditory modality at the direct expense of
the visual (Chan et al., 2000; Hogan et al., 2008; Yoshida et al.,
2008; Ingvalson and Wong, 2013). The two aims of keeping the
auditory cortex ‘pure’ for subsequent implantation by avoiding
visual language, and delivering visual language within the sensi-
tive period, are antagonistic. Here we question the assumption that
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visual language causes maladaptive plasticity in auditory cortex,
impacting negatively upon the efficacy of CI.

4. Neural predictors of CI success

Pre-implant demographic characteristics, results from psycho-
logical testing, and patterns of neural metabolism have all been
studied in terms of their relationship with post-implant outcomes
in order to predict suitability for CI. It is widely accepted that the
most important determinant of CI success is age at implant, with CI
prior to 3.5 years of age associated with better outcomes, whereas
the likelihood of achieving a good outcome when implanted later
is drastically reduced (Sharma et al., 2005; Dorman et al., 2007;
Geers et al., 2011). Additionally, some studies have proposed a link
between poor speech outcomes and exposure to a visual language
(Hirano et al., 2000; Lee et al., 2001; Doucet et al., 2006).

A methodological issue with studies on the neural correlates of
Clsuccessis that duration of deafness, biological age and experience
with a visual language are highly correlated, making inferences
about the separate effect of each of these problematic. An influen-
tial study which measured resting brain metabolism in prelingually
deaf children prior to CI, associated hypometabolism in auditory
cortex with good CI outcome, as assessed by auditory speech skill
(Lee etal.,2001). The authors concluded that when the metabolism
of auditory cortex of deaf children was at levels comparable to those
of hearing adults, it was incapable of processing auditory signals
owing to usurping of its function by crossmodal plasticity, account-
ing for poorer CI outcome (Lee et al., 2001). The authors posit that
sign language is an example of a cognitive process which may con-
tribute to this maladaptive crossmodal plasticity of auditory cortex.
However, biological age, duration of deafness, speech perception
and age at implantation were correlated in this study. There-
fore, these results cannot determine if the increase in metabolism
observed in the temporal cortex was a consequence of increased
visual crossmodal plasticity due to prolonged periods of deafness
(as the authors claim), or just the result of physiological maturation
of the cortex, in which metabolic activity increases with biological
age.

In fact, in a further study, Lee et al. (2005) showed that when
biological age, duration of deafness and age at implantation were
controlled or accounted for in the analysis, the best predictor of
auditory speech skill was found to be pre-implant hypermetabolic
activity in fronto-parietal regions (Lee et al., 2005, 2007). Patients
with poor outcomes also showed increased activity in ventral
visual areas (Lee et al., 2005). This study did not replicate the
hypometabolism observed in auditory regions in Lee et al. (2001).
Therefore, there is no convincing evidence that the extent of cross-
modal takeover reported in auditory cortex is linked to poor CI
outcome, independently of biological age and duration of deafness.

Increased metabolism in good CI performers relative to poor CI
performers has been reported in inferior frontal gyrus, as well as
angular gyrus, both of which have language functions (Giraud and
Lee, 2007). The authors argue this is a result of ‘potential’ for these
regions to represent abstract and language-based concepts (Giraud
and Lee, 2007). As these regions are multimodal (MacSweeney et al.,
2008a), language networks may already be active in children who
go on to be good performers with CI. Additionally, these regions
have been linked to executive function skills, including working
memory and attention, and therefore could also contribute to the
differences observed between poor and good performers with CI
(Geers and Sedey, 2011; Colom et al., 2013; Ingvalson and Wong,
2013).

Increased metabolism in the ventral visual pathway was linked
to visual takeover of auditory and language processing circuits,
and ultimately poor CI outcome (Giraud et al., 2011c). However,

there is no explanation of why visual ventral stream processing
was detrimental whereas dorsal stream processing within pari-
etal cortex was beneficial (Giraud et al., 2011c). This is particularly
counter-intuitive, as sign language has been shown to resultin reor-
ganisation of visual motion processing, reversing typical biases in
hearing non-signers for improved motion velocity thresholds in
the left over the right visual field (Brozinsky and Bavelier, 2001,
Brozinsky and Bavelier, 2004).

To test the role of crossmodal plasticity in CI outcome, scalp-
based event related potentials (ERPs) were measured in response
to abstract visual patterns that had previously been shown to
drive the ventral visual processing stream (Doucet et al., 2006). In
good speech perceivers (tested post CI), ERPs recorded posteriorly
over visual cortices were greater than in poor speech perceivers
and control participants, whereas in participants with poor speech
comprehension, ERPs were greater and extended more anteriorly
over temporal regions, in comparison to both good speech per-
ceivers and control participants with normal hearing (Doucet et al.,
2006). However, owing to the problem of inferring cortical activa-
tion from scalp-based recordings (the inverse problem), this does
not necessarily correspond to the source of neural activity being
in the visual cortex for good speech perceivers and in the auditory
cortex for poor speech perceivers. Poor performers were also sign
language users and were unable to communicate using speech. The
authors concluded that CI is successful when there is intramodal
plasticity in which the visual signal is used to support the degraded
auditory signal (for example, lip reading in audiovisual speech),
whereas crossmodal plasticity whereby the auditory cortex comes
to process visual stimuli, such as sign language, is maladaptive plas-
ticity from the perspective of CI (Doucet et al., 2006). However,
within the tested groups, six out of seven good performers were
post-lingually deafened, whereas four out of six poor performers
were prelingually deafened (Doucet et al., 2006). Since the authors
do not report parental (sign) language status for these participants
(and since fewer than 10% of deaf people have deaf parents) it seems
likely that the prelingually deafened participants, while fluent sign-
ers as adults, had nevertheless not reached language processing
skills equivalent to those native signers or hearing people using
a spoken language (see Box 1). Their (sign) language skills would
have most likely been acquired out of the optimal sensitive period
for language (so-called ‘late L1 signers’; see Mayberry et al., 2002,
Box 1). Therefore, these findings could alternatively be explained
by poor first language development, rather than maladaptive plas-
ticity which resulted from sign language use.

Some studies of post-Cl auditory speech proficiency have
assessed whether pre-CI exposure to seen speech interferes with
the ability of the auditory cortex to support perception of heard
speech. Using PET, Hirano et al. (2000) compared the regional
cerebral blood flow (rCBF) of 12 deaf participants (6 prelingually
deafened and 6 post-lingually deafened) and 12 hearing controls
whilst at rest, and whilst listening to speech. All prelingually deaf-
ened participants received their CI after the age of 8. The authors
found that at rest the prelingually deafened group have higher
cerebral metabolism in secondary auditory areas in comparison
to post-lingually deafened participants and the hearing control
groups. However, this pattern of results reversed when listening to
speech, and the prelingually deafened groups had decreased acti-
vation relative to the post-lingually deafened group and hearing
controls. These findings speak to the importance of early Cl implan-
tation for typical auditory cortex function, which we do not dispute.
To address the question of whether visual language processing
comes to occupy secondary auditory cortex, the authors addition-
ally completed a follow up study with 3 of the prelingually deafened
participants. For 2 participants with previous speech reading skills,
but whose speech recognition was not subsequently improved by
CI, activation was reported in posterior superior temporal sulcus (a
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higher order auditory area) during speechreading, but not during
listening to verbal speech (Hirano et al., 2000). In contrast, the sin-
gle participant who did not have any previous speechreading skills,
but did have improved speech recognition post CI, activated supe-
rior temporal sulcus during listening, but not while speechreading.
The authors concluded that developing speechreading skills prior
to implant had a negative impact on Cl efficacy. However, there are
reasons to be sceptical: a sample size of three, the lack of com-
parison between participants with similar pre-Cl speechreading
experience but different levels of speech recognition after CI, and
few details concerning the language background of the implantees,
suggest that these findings may not generalise. Moreover, when
auditory and visual information were presented together (as is the
case in natural speech), participants with previous experience of
speechreading out-performed those without previous experience.

To date, no study of neural function has systematically mea-
sured, prior to implantation, proficiency in visual language (either
sign language or speechreading) in relation to outcomes follow-
ing Cl. A retrospective study has compared implanted children
who had either deaf parents (and so were native sign language
users) or hearing parents, at different stages post-implant, includ-
ing immediately after implant, and 3, 6 and 12 months afterwards
(Hassanzadeh, 2012). The deaf native signing group outperformed
the deaf children with hearing parents on measures of speech
perception (Auditory Perception Test), speech production (Speech
Intelligibility Rating Scale) and language development (Speech
Imitation Test) (Hassanzadeh, 2012). Though larger participant
numbers and a prospective design would enhance confidence in
these findings, they suggest researchers and clinicians alike need
to take seriously the role of language development prior to implant
in explaining variance in ClI outcome. This is expanded upon
below.

As is typical when working with special populations, group
numbers are small and variance between participants is vast. As
such, it is hazardous to make firm conclusions and generalisa-
tions about the role of visual language in CI success, particularly
when experience with visual language tends to be correlated with
duration of deafness and delayed language acquisition. Equally
troublesome are reverse inferences about resting state brain acti-
vation patterns, particularly when behavioural data is absent. It
therefore seems to us that there are no persuasive grounds for
the proposal that visual language exposure, by ‘hijacking’ auditory
cortical regions, is a causal factor in poor CI outcome.

Several studies suggest the converse hypothesis. Pre-implant
speechreading in prelingually deaf children is a good predictor
of post-implant auditory speech processing abilities (Bergeson
et al,, 2005). Children in educational environments which place
an emphasis on speech reading skills (oral communication) out-
perform in perceptual tasks of auditory, visual and audiovisual
speech children from total communication environments (TC - see
Table 1) (Bergeson et al., 2005). Over time, performance between
these groups became comparable in the auditory alone and audio-
visual conditions, though children from the total communication
group continued to lag on the visual speech condition. The benefit
speech reading confers was argued to be a heightened sensitivity
to the correlations between lip patterns and speech sound, which
ultimately facilitates the extraction of phonological information
(Bergeson et al., 2005, 2010). Bergeson et al. (2005) found auditory
speech perception skills improved in the 5 years following implant,
which contradicts other studies which report performance with
auditory stimuli was static in the 2-4 year follow up period after CI,
against the backdrop of improved speechreading skills (Tyler et al.,
1997). When children are implanted within the sensitive period
for cochlear implant, linguistic progress was not simply associated
with early implantation, but also with properties of the mother’s
language input, such as mean length of utterance and expansions

(Markman et al., 2011; Nittrouer et al., 2012; Szagun and Stumper,
2012).

There is evidence to suggest that visual information is required
to support the impoverished auditory signal in CI, as even post-
lingually deafened implantees who have the benefit of previously
acquired representations of speech still overwhelming depend on
visual information for good CI performance (Rouger et al., 2007,
2008). Developing proficiency with CI has been linked to activation
in early visual areas, which becomes increasingly specific over time,
and with increased proficiency of CI use (Giraud et al.,, 2001a,b;
Giraud and Truy, 2002). In contrast, activation in primary auditory
cortex increased with duration of implant use, but did not become
more stimulus specific (Giraud et al., 2001b). This pattern of find-
ings has been interpreted as evidence for the auditory and visual
modalities mutually reinforcing each other to process the speech
signal as delivered by CI (Giraud et al.,2001a,b; Rouger et al., 2007).

In summary, the use of sign language cannot be empirically
linked to poor CI outcome, since pre-implant sign language pro-
ficiency has never been measured. When deaf children learn sign
language within the critical period for language acquisition from
their deaf parents, they outperform deaf children from hearing par-
ents who have limited exposure to sign language following CI on
measures of auditory language skills (Hassanzadeh, 2012). Profi-
ciency in speech reading has been repeatedly linked to good CI
outcomes. Evidence to the contrary is beset with methodological
concerns. This suggests that habilitation strategies which empha-
sise training the auditory modality at the expense of the visual
modality should be reconsidered.

5. Crossmodal plasticity in auditory cortex and its
relationship to CI success

Primate studies have explored the anatomical and functional
organisation of auditory cortex directly by detailed histological
and invasive techniques, offering a guide to the localisation and
connectivity of auditory fields and streams within the human
brain. While unable to provide direct information about language
processing, they can offer insights into auditory speech process-
ing, where segregated functional streams have been described to
identify the circuitry involved in distinctive functional processes
(Hickok and Poeppel, 2004; Rauschecker and Scott, 2009). Audi-
tory cortex in humans occupies lateral and superior parts of the
temporal lobe, and shows concentric organisation, with hierar-
chical connections between neighbouring regions (Galaburda and
Sanides, 1980; Pandya, 1995; Hackett, 2008). The central core
region, including primary auditory cortex (A1), is located deep
within the supra temporal plane in Heschl’s gyrus. While the exact
extent and distribution of A1 (primary auditory cortex) in humans
can vary between individuals, as can the topography of Heschl’s
gyrus itself (Rademacher et al., 2001), the first projections from the
auditory subcortical relays to auditory cortex are in this region. Al
is encircled by secondary auditory cortices (A2) extending onto the
upper surface of the superior temporal gyrus, which in turn is sur-
rounded by the belt area, which is bordered laterally by a parabelt
region. Belt and parabelt regions which were first described in ani-
mal (macaque) models, are generally considered to be analogous
to auditory association areas as described in classical neuropsy-
chological and aphasiological literature. In this paper we refer to
these regions as secondary auditory areas. They are located along
the length of the superior temporal sulcus, extending to the tem-
poroparietal junction caudally, the temporal poles rostrally and the
superior temporal sulcus inferiorly (Howard et al., 2000).

Imaging studies with CIs tend to be performed using PET, as
the metallic components of these devices are contraindicated for
both fMRI and E/MEG. However, fMRI and E/MEG provide data with
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superior spatial and temporal resolution, respectively. Thus, imag-
ing studies with these modalities in congenitally deaf people who
have not had a cochlear implant can be informative with regards to
crossmodal reorganisation which occurs in the case of congenital
deafness.

In fMRI studies, secondary auditory areas in deaf groups are acti-
vated by a wide range of visual stimuli, including sign language
(Neville and Bavelier, 1998; Petitto et al., 2000; MacSweeney et al.,
2002a, 2004; Corina et al., 2007; Capek et al., 2008; MacSweeney
et al.,, 2008b; Emmorey et al., 2011; Cardin et al., 2013), biolog-
ical motion including non-linguistic gesture (Allison et al., 2000;
MacSweeney et al., 2004; Corina et al., 2007), and moving dots
(Finney et al., 2001; Sadato et al., 2004; Fine et al., 2005). However,
in a comprehensive review of crossmodal plasticity, substantial
inter-individual variability between deaf participants has been
reported in terms of the extent and location of visual processing in
auditory cortex (Bavelier and Neville, 2002). Indeed, some studies
do not find any visual crossmodal plasticity in these regions (Hickok
etal., 1997).Secondary auditory areas have been hypothesised to be
responsive to phonologically structured input (Petitto et al., 2000).
However, British Sign Language (BSL) and ‘Tic-Tac’, an idiosyncratic
manual-brachial gestural code used by UK race-course bookmak-
ers, both elicited activation in secondary auditory cortex, despite
the lack of linguistic structure in ‘Tic-Tac’ (MacSweeney et al.,
2004).This demonstrated that these regions process complex visual
stimuli, independently of their linguistic content. Comparable acti-
vation was also found in the hearing participants. However, further
studies have shown that the left superior temporal cortex and the
anterior medial part of right superior temporal cortex of deaf indi-
viduals are preferentially responsive to sign language stimuli, over
more general visual stimuli (Finney et al., 2001; Fine et al., 2005;
MacSweeney et al., 2008a; Cardin et al., 2013). These regions are
typically associated with speech processing in hearing individuals,
and as such have been argued to be multimodal language regions
(MacSweeney et al., 2008a).

Silent speechreading also activates lateral parts of the superior
temporal plane in hearing adults, including lateral regions within
Heschl's gyrus (Calvertetal., 1997,2000; MacSweeney etal., 2002a;
Calvert and Campbell, 2003; Reale et al., 2007; Capek et al., 2008).
Furthermore, the more attentive (Pekkola et al., 2005) and skilled
the speechreader (Capek et al., 2010), the greater activation in
these regions, demonstrating that this is behaviourally relevant.
Contrasting audiovisual and (purely) auditory speech activation
demonstrates that adding clear vision to audition can enhance acti-
vation in primary auditory areas (Calvert et al., 2000; Reale et al.,
2007).Auditory imagery alone cannot explain these findings, as
in prelingually deaf participants, seen speech generates extensive
activation throughout auditory cortex (Capek et al., 2008, 2010).
Research with typically hearing people suggests posterior supe-
rior temporal regions within secondary auditory cortex act as a
dynamic ‘hub’ for such audiovisual integration (Calvert et al., 2000;
Lee and Noppeney, 2011; McGettigan et al., 2012). fMRI studies
in hearing adults who are proficient signers show that language
processing regions, such as the left superior temporal cortex and
inferior frontal gyrus, are also activated in response to sign lan-
guage stimuli (Bavelier et al., 1998; MacSweeney et al., 2002b). The
anterior temporal lobe has been suggested to be an amodal seman-
tic knowledge hub (Patterson et al., 2007). Additionally, anterior
ventral temporal cortex is activated in response to words, irrespec-
tive of auditory or visual presentation of these stimuli (Marinkovic
et al.,, 2003; Chan et al., 2011). Thus, in hearing groups there is a
consensus that regions in temporal cortex are engaged in modality
independent processing of language. It is therefore not surprising
these regions are engaged by deaf people processing sign language.
These various studies all show visual language activation within
auditory brain regions irrespective of hearing status, weakening the

proposal that visual language causes crossmodal reorganisation of
auditory areas in deaf people.

Crossmodal reorganisation of primary auditory cortex in deaf
people is more contentious. Whether visual afferents become
rewired into auditory cortex, resulting in the involvement in early
visual sensory processing has been addressed by comparing signals
from early (80-120 ms) and late (300-350 ms) windows for hearing
and deaf people listening to speech and viewing sign language using
MRI constrained magnetoencephalography (MEG) (Leonard et al.,
2012). These windows were respectively argued to correspond to
sensory processing and lexicosemantic processing of the stimuli
(Leonard et al., 2012). Deaf participants did not have activation in
primary or secondary auditory cortex during the early sensory pro-
cessing window; however, both deaf and hearing individuals had
activation in a frontotemporal network including superior tempo-
ral regions surrounding auditory cortex for the later lexicosemantic
window (Leonard et al.,2012), suggesting that the responses to sign
language stimuli observed in temporal cortices are related to lan-
guage processing, regardless of modality, and not general visual
processing. Activation in response to moving dot stimuli has been
reported in primary auditory regions for deaf, but not for hearing
people (Finney et al., 2001; Fine et al., 2005). However, this result
comes from a study in which brain activity was averaged across
participants. Primary auditory cortex is a small area, characterised
by a high degree of anatomical variability (in terms of position and
anatomical variants) (Hackett, 2008; Dick et al., 2012). Genuine
activation emanating from this region could potentially be sup-
pressed in group averaging procedures, or alternatively, activation
from adjacent gyri could be smoothed into this area. Differences
in myelination between deaf and hearing people in auditory cortex
have been reported (Emmorey et al., 2003), which further increases
the chances of group normalisation processes misrepresenting the
location of activations, as deaf brains will have to be distorted to a
greater extent during normalisation processes.

More recent fMRI studies that avoid smoothing and use anatom-
ical definitions of primary auditory regions have shown that visual
plasticity is at best slight in these regions, either when the visual
stimulus is basic (flashing lights, Karns et al., 2012) or when it is
complex (sign language, Cardin, 2013). Karns et al. (2012) found
that visual stimulation resulted in differences between deaf and
hearing participants only in the posterior region of the contralat-
eral Heschl’s gyrus. This difference was at least partially driven by
a deactivation in the hearing group, consistent with previous liter-
ature in hearing individuals showing deactivation of unstimulated
sensory cortices, or cortices which are unresponsive to the modal-
ity of the unattended stimuli (Laurienti et al., 2002; Johnson and
Zatorre, 2005). Karns et al. (2012) do not report if the activation
observed in the deaf group differed from the baseline value. Larger
activations were observed in the deaf group in a bimodal condi-
tion (somatosensory and visual), in which participants attended
to the visual stimuli. However, these bimodal activations did not
differ from those obtained exclusively with somatosensory stim-
uli, which again suggests they were not driven by the presence of
visual stimuli.

Cardin (2013) used more complex and dynamic visual stimu-
lation (sign language actions) to investigate plasticity in A1l. They
reported differences between deaf and hearing individuals in sub-
regions Tel.0 and Tel.2 of Heschl’'s gyrus, mainly driven by a
deactivation in the hearing group rather than activation over base-
line in the deaf group. However, Cardin (2013) did find a small,
but significantly different from baseline, response to visual stimu-
lation in Te1.2 specific to the deaf group. Also, Karns et al. (2012)
found that activations in the rostro-lateral region of Heschl’s gyrus
(putatively Tel.2) correlated with the perceptual illusion of two
visual flashes, when only one has been presented, accompanied by
two somatosensory flashes. These recent results suggest a small
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degree of visual crossmodal plasticity in the most lateral region
of Heschl’s gyrus (area Te1.2). However, this region is likely to be
outside of primary sensory areas: it has been proposed to be an
intermediate stage between core regions and higher processing
areas (Morosan et al., 2001), and its cytoarchitectonic features do
not correspond with the highly myelinated core region (Dick et al.,
2012). Furthermore, the level of crossmodal plasticity was the same
in deaf individuals who are native users of a sign language, and in
those who communicate orally and do not use a sign language, sug-
gesting that this effect was driven by auditory deprivation, and not
language experience (Cardin, 2013). The absence of an early sen-
sory processing response in Leonard’s study (Leonard et al., 2012),
also suggests a lack of involvement of the primary auditory cortex
in visual processing.

In summary, in deaf individuals, secondary auditory areas can
be activated by complex visual stimuli, independently of its lin-
guistic content. Thus crossmodal reorganisation in these regions
seems to be a result of deafness itself, rather than a result of com-
pensatory strategies employed by the deaf person in order to access
language. Therefore, these findings speak to the importance of early
implantation, but not in favour of avoiding visual communication.
There is no compelling evidence that visual processing is capable of
colonising A1l. Language-processing regions in left superior tempo-
ral cortex maintain their amodal language function, and therefore
are responsive to sign language stimulation. There is no evidence
visual language causes maladaptive plasticity in auditory cortex.

The crossmodal reorganisation of somatosensation in congen-
ital deafness has also been investigated (Levanen et al., 1998;
Levanen and Hamdorf, 2001; Karns et al., 2012). Somatosensation
has been proposed to be important in the sensory experience of
deaf people, specifically in substituting for auditory input, since
skin receptors in the ear or bone conduction with hearing aids
can deliver speech-related signals to the deaf ear (Auer et al.,
2007). To investigate whether this causes cortical reorganisation
in deaf people, the hands of hearing and early deafened partici-
pants were touched whilst they underwent fMRI (Auer et al., 2007).
All the deaf participants had extensive experience with hearing
aids. Somatosensory stimuli with structure similar to speech acti-
vated auditory cortex for both groups; however, activation also
occurred for the unstructured tactile stimuli, and was greater and
more widespread throughout auditory cortex (including putative
primary auditory areas) for the deaf group (Auer et al., 2007). Thus
there is increased somatosensory representation in deaf people in
auditory cortex, but there is no evidence this is linked to speech
processing (Auer et al., 2007).

These results are in agreement with studies in animals, which
posit an anatomically feasible model of cortical reorganisation after
auditory deprivation. In deafened ferrets (perinatal ototoxic lesion),
single cell recordings have been made in the auditory core, which
demonstrated that the majority (80%) of cells were responsive
to somatosensory input (Meredith and Allman, 2012). However,
anatomical tracer injections into auditory cortex displayed the
same profile of connectivity as that observed in hearing ferrets
(Meredith and Allman, 2012). The authors argue that neither latent
nor new projections to the cortex are responsible for crossmodal
plasticity, but instead that this is evidence to support the ‘brain-
stem theory of reorganisation’ (Meredith and Allman, 2012). In
this theory, the somatosensory inputs which are found in typically
developing auditory brainstem at several nodes, as well as dorsal
cochlear nucleus and inferior colliculus, are responsible for cross-
modal plasticity both in sub-cortical structures and throughout the
cortex (Meredith and Allman, 2012).

It should be noted that evidence from animal studies also sug-
gests a degree of visual, as well as somatosensory, crossmodal
plasticity driven by auditory deprivation in core auditory areas.
After auditory deprivation, visual crossmodal plasticity has been

shown in mice core auditory areas A1 and AAF (Hunt et al., 2006),
and somatosensory crossmodal plasticity also in A1 and AAF in
mice and ferrets (Hunt et al., 2006; Meredith and Allman, 2012).
In congenitally deaf cats, no evidence was found for visual or
somatosensory crossmodal plasticity in A1 (Kral et al., 2003). How-
ever, in AAF, neurons do show responses to visual and, more
strongly, somatosensory stimulation (Meredith and Lomber, 2011).
In deaf humans it is less obvious if there is also visual crossmodal
plasticity in these regions due to problems with cross-species com-
parisons, and because the exact composition of the core auditory
cortex and its functional organisation is still a matter of controversy.

The extent of somatosensory crossmodal plasticity in primary
auditory regions underscores the fact that crossmodal reorgani-
sation of auditory cortex in deafness is neither the result of, nor
exacerbated by the use of a visual language. Again, this research
speaks to the importance of early implantation, but not avoiding
visual language.

6. What are the consequences of depriving a child of early
language?

While crossmodal reorganisation in auditory cortex occurs
inevitably as a result of early deafness, we have pointed out that this
may not be reliably due to the influence of visual language. Early
language exposure is essential for the development of language
processing circuitry in the brain. This is because core language
regions appear agnostic to the modality of language input, and yet
sensitive to delay in language exposure and acquisition.

The critical period hypothesis of language development argues
that children who fail to learn language before the end of childhood
will not reach a ‘native-like’ level of mastery with the language,
with full command of syntax, phonology and verbal working mem-
ory (Lenneberg, 1967). Apart from severe cases of abuse and
neglect, hearing children are exposed to sufficient language in order
to develop language mastery. However, for the 90-95% of deaf chil-
dren who are born to hearing parents, language learning can be
less robust, as they are unable to fully access the language of their
care givers. Signed and spoken language tests have shown that in
deaf people with insecure first language learning, syntactic pro-
cessing remains rudimentary, and morphological and phonological
skills are relatively poor compared to deaf native signers (Mayberry
et al., 2002; Mayberry et al., 2011; Cormier et al., 2012a,b) (see Box
1). Deaf children who used either speech reading or sign language
from early in infancy performed comparably to hearing bi-lingual
children in a test of English proficiency, outperforming deaf chil-
dren (late L1 learners of sign language) who were unable to access
spoken language of their care giver (Mayberry, 2002). A MEG study
of 2 deaf adolescents who had inconsistent language until 14 years
of age showed that viewing recently acquired signed words acti-
vated a network of regions including right superior parietal cortex,
anterior occipital cortex and dorsolateral prefrontal cortex, and not
the classic perisylvian network recruited for language processing,
providing additional evidence that early language deprivation is
likely to lead to aberrant cortical circuitry for language process-
ing (Ferjan Ramirez et al., 2013). Overall, these results suggest that
early language exposure, and not language modality, is the critical
factor to secure language development.

Language deprivation (and late first language learning) can
have effects beyond those pertaining solely to linguistic efficiency.
Where communication with others is impaired (as is common for
deaf children of hearing parents) a degree of social isolation can
follow. Although there are no studies directly addressing this in
deaf individuals, a mouse model has shown a sensitive period for
myelination and frontal lobe development that is affected by social
isolation (Makinodan et al., 2012). The effects of such reduced

Please cite this article in press as: Lyness, C.R., et al., How does visual language affect crossmodal plasticity and cochlear implant success?
Neurosci. Biobehav. Rev. (2013), http://dx.doi.org/10.1016/j.neubiorev.2013.08.011

670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686

687
688

689
690
691
692
693
694
695
696
697
698
699

700

702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729

730

732


dx.doi.org/10.1016/j.neubiorev.2013.08.011

733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760

762
763
764
765
766
767
768
769

770

771
772
773
774

776
771
778
779
780
781

783
784
785
786
787
788
789
790
791
792
793
794
795

GModel
NBR18281-10

8 C.R. Lyness et al. / Neuroscience and Biobehavioral Reviews xxx (2013) xXX—Xxx

myelination as a result of social isolation are long term (Makinodan
et al., 2009).

Even though late first (sign) language learners may achieve a
high level of proficiency and fluency, there is evidence that atypical
structural and functional circuitry for language processing persists
in adulthood. In testing syntactic and phonological perception skill
for sign language, activation varied as a function of when 22 deaf
participants learned sign as their first language (Mayberry et al.,
2011).Those who learned sign language from birth activated classic
perisylvian language regions, whereas late learners of sign language
as an L1 demonstrated more posterior visual activation, which the
authors argued was consistent with processing sign language at
a shallower level (Mayberry et al., 2011). Deaf native signers have
the typical electrophysiological signature upon encountering a syn-
tactic anomaly within an utterance (Capek et al., 2009). This has
also been shown to be the case when deaf native signers were
tested in their second language (written German) (Skotara et al.,
2011). However, deaf late L1 learners of sign language did not show
this effect, even when their levels of proficiency matched those of
the deaf native signing participants (Skotara et al., 2011). These
neural findings accord with psycholinguistic findings of poor syn-
tactic and morphological skill in late L1 learners of SL, proving that
early language input is a necessary prerequisite for typical language
development (see Box 1). Delayed sign language acquisition has
also been linked to decreased grey matter volume in visual cor-
tex, relative to both deaf early learners of sign language as an L1
and hearing controls, suggesting the effects of language depriva-
tion are not restricted to language processing circuitry (Penicaud
etal, 2012).

The possibility that insecure first language acquisition may con-
tribute to poor CI outcomes, and to the abnormal patterns of
activation which extend beyond temporal regions when attempt-
ing language tasks, has not been considered or tested empirically.
Instead of subverting speech processing regions, an early and well-
established visual language may contribute to CI efficacy, both
through providing language to multimodal language circuits, and
in giving the child a gateway to understanding the auditory signal.

7. Conclusion

In this review we set out to examine the relationship between
visual language and cochlear implant success. Animal models of
cochlear implant have greatly enhanced our understanding of the
dystrophic changes which occur when auditory cortex fails to
develop typically due to the absence of auditory input. However,
we argue that animal models are insufficient to characterise the
cochlear implant sensitive period, as, in addition to the develop-
ment of the auditory system, this is also influenced by language
sensitive periods. Visual processing is argued to cause functional
decoupling of auditory cortex, such that the patterned firing
required to establish interconnected circuits between higher and
lower auditory cortices cannot take place, as higher auditory cortex
is reorganised into the visual processing stream. Theories regard-
ing visual takeover of auditory cortex have led clinicians and
researchers to advocate preventing the child from experiencing
visual language prior to implant. We do not challenge the notion
that visual takeover of auditory cortex is apparent in deaf peo-
ple, just the assumption that this is driven by visual language.
Sign language skills, measured appropriately in terms of sensitiv-
ity to the syntactic and morphological features, characteristic of
language mastery in native language users, have never been mea-
sured in relation to CI outcomes. Instead, researchers have been
content to identify deaf participants’ use of sign language itself as
a causal factor in poor CI outcome. Experience with speech read-
ing has also been implicated in poor outcomes. However, here, as

with sign language, experience with visual language in deafness
tends to be correlated with duration of deafness, age of language
acquisition and language proficiency. When these factors are con-
trolled for, exposure to visual language cannot be linked to CI
outcome. Instead, there are numerous studies which suggest the
contrary: that proficiency with speech reading is linked to bet-
ter Cl outcome. Imaging studies show that visual activation during
speech reception over time following CI becomes more specific,
suggesting that in the CI brain, auditory and visual information
mutually reinforce one another. Furthermore, even though visual
motion and somatosensation can have an enhanced representa-
tion in auditory cortex following crossmodal reorganisation, these
differences have not been conclusively linked to functional differ-
ences between deaf people, such as the use of a visual language.
Finally, we stress the consequences of failure of early language
acquisition. Evidence from deaf people who have failed to develop
spoken language in an oral environment suggests that when sign
language is learnt later in life, it will never display the typical neu-
ral circuitry of natively learnt languages. What do these arguments
mean for the clinical management of Cl in prelingual deafness? Far
from shielding the developing infant from visual communication
through seen speech and sign, the deaf child awaiting CI needs
language input to enable effective cognitive development to pro-
ceed. The early years, including the first year of life, are crucial for
the development of language, not just heard speech. Post-implant,
while auditory rehabilitation is clearly necessary to enable effec-
tive functioning of the CI, we find no compelling evidence that
visual language is detrimental to CI success. On the contrary, suc-
cessful cochlear implantation appears to depend upon audiovisual
integration skills. Early cochlear implantation is an astonishing
breakthrough in delivering functional hearing to the child born
deaf; however, language skills and cognitive development should
not be overlooked when considering the efficacy of CI.

Acknowledgements

CRL is funded by an MRC grant. BW is funded by grants from
the Economic and Social Research Council of Great Britain (RES-
620-28-6001; RES-620-28-6002) to the Deafness Cognition and
Language Research Centre. VC is funded by a grant from the Lin-
naeus Centre HEAD, Linkoéping University, Sweden.

References

Allison, T., Puce, A., McCarthy, G., 2000. Social perception from visual cues: role of
the STS region. Trends Cogn. Sci. 4, 267-278.

Archbold, S., Mayer, C., 2012. Deaf Education: the impact of cochlear implantation.
Deafness Educ. Int. 14, 2-15.

Auer, E.T., Bernstein, L.E., Sungkarat, W., Singh, M., 2007. Vibrotactile activation of
the auditory cortices in deaf versus hearing adults. Neuroreport 18, 645-648.

Bavelier, D., Neville, HJ., 2002. Cross-modal plasticity: where and how? Nat. Rev.
Neurosci. 3, 443-452.

Bavelier, D., Corina, D., Jezzard, P., Clark, V., Karni, A., Lalwani, A., Rauschecker, J.P.,
Braun, A., Turner, R., Neville, H.J., 1998. Hemispheric specialization for English
and ASL: left invariance-right variability. Neuroreport 9, 1537-1542.

Bergeson, T.R., Pisoni, D.B., Davis, R.A., 2005. Development of audiovisual compre-
hension skills in prelingually deaf children with cochlear implants. Ear Hear. 26,
149-164.

Bergeson, T.R., Houston, D.M., Miyamoto, R.T., 2010. Effects of congenital hearing
loss and cochlear implantation on audiovisual speech perception in infants and
children. Restor. Neurol. Neurosci. 28, 157-165.

Boudreault, P., Mayberry, R.I, 2000. Grammatical processing in Americal Sign
Language: effects of age of acquisition and syntactic complexity. In: 7th Inter-
national Conference on Theoretical Issues in Sign Language Amsterdam.

Brozinsky, C.J., Bavelier, D., 2001. Does early deafness alter motion processing? Soc.
Neurosci. Abstr. 27, 2555.

Brozinsky, C.J., Bavelier, D., 2004. Motion velocity thresholds in deaf signers: changes
in lateralization but not in overall sensitivity. Cogn. Brain Res. 21, 1-10.

Calvert, G.A., Campbell, R., 2003. Reading speech from still and moving faces: the
neural substrates of visible speech. J. Cogn. Neurosci. 15, 57-70.

Please cite this article in press as: Lyness, C.R., et al., How does visual language affect crossmodal plasticity and cochlear implant success?
Neurosci. Biobehav. Rev. (2013), http://dx.doi.org/10.1016/j.neubiorev.2013.08.011

796
797
798
799
800
801
802
803
804
805
806
807
808
809

818
819
820
821
822
823

825
826
827
828

829

830
831
832
833
834

835

836
837
838
839
840

842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861


dx.doi.org/10.1016/j.neubiorev.2013.08.011

862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890

892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947

G Model
NBR18281-10

C.R. Lyness et al. / Neuroscience and Biobehavioral Reviews xxx (2013) xXX—-Xxx 9

Calvert, G.A., Bullmore, E.T., Brammer, M.J., Campbell, R., Williams, S.C., McGuire,
P.K., Woodruff, P.W., Iversen, S.D., David, A.S., 1997. Activation of auditory cortex
during silent lipreading. Science 276, 593-596.

Calvert, G.A., Campbell, R., Brammer, M.]., 2000. Evidence from functional magnetic
resonance imaging of crossmodal binding in the human heteromodal cortex.
Curr. Biol. 10, 649-657.

Campbell, R., 2008. The processing of audio-visual speech: empirical and neural
bases. Philos. Trans. R. Soc. Lond. B: Biol. Sci. 23, 1001-1010.

Capek, C.M., MacSweeney, M., Woll, B., Waters, D., McGuire, P.K., David, A.S., Bram-
mer, M.J., Campbell, R., 2008. Cortical circuits for silent speechreading in deaf
and hearing people. Neuropsychologia 46, 1233-1241.

Capek, C.M., Grossi, G., Newman, A.J., McBurney, S.L., Corina, D., Roeder, B., Neville,
H.J., 2009. Brain systems mediating semantic and syntactic processing in deaf
native signers: biological invariance and modality specificity. Proc. Natl. Acad.
Sci. U.S.A. 106, 8784-8789.

Capek, C.M., Woll, B., MacSweeney, M., Waters, D., McGuire, P.K., David, A.S., Bram-
mer, M.J., Campbell, R., 2010. Superior temporal activation as a function of
linguistic knowledge: insights from deaf native signers who speechread. Brain
Lang. 112, 129-134.

Cardin, V., 2013. Differences in Heschl’s gyrus activation between deaf and hearing
individuals are driven by auditory deprivation, and not by language experience.
In: Second International Conference on Cognitive Hearing Science for Commu-
nication, Linkoping, Sweden.

Cardin, V., Orfanidou, E., Ronnberg, J., Capek, C.M., Rudner, M., Woll, B., 2013. Dis-
sociating cognitive and sensory neural plasticity in human superior temporal
cortex. Nat. Commun., 4.

Chan, S.C,, Chan, S.K., Kwok, I.C., Yu, H.C,, 2000. The speech and language reha-
bilitation program for pediatric cochlear implantees in Hong Kong. Adv.
Otorhinolaryngol. 57, 247-249.

Chan, A.M., Baker, J.M., Eskandar, E., Schomer, D., Ulbert, 1., Marinkovic, K., Cash,
S.S., Halgren, E., 2011. First-pass selectivity for semantic categories in human
anteroventral temporal lobe. ]. Neurosci. 31, 18119-18129.

Colom, R., Burgaleta, M., Roman, F.J., Karama, S., Alvarez-Linera, ]., Abad, F.J., Mar-
tinez, K., Quiroga, M.A., Haier, RJ., 2013. Neuroanatomic overlap between
intelligence and cognitive factors: Morphometry methods provide support for
the key role of the frontal lobes. Neuroimage 72, 143-152.

Corina, D., Chiu, Y.S., Knapp, H., Greenwald, R., San Jose-Robertson, L., Braun, A., 2007.
Neural correlates of human action observation in hearing and deaf subjects.
Brain Res. 4, 111-129.

Cormier, K., Schembri, A., Vinson, D., Orfanidou, E., 2012a. First language acquisition
differs from second language acquisition in prelingually deaf signers: Evidence
from sensitivity to grammaticality judgment in British. Sign Lang. Cogn. 124,
50-65.

Cormier, K., Schembri, A., Vinson, D., Orfanidou, E., 2012b. First language acquisition
differs from second language acquisition in prelingually deaf signers: evidence
from sensitivity to grammaticality judgment in British. Sign Lang. Cogn. 124,
50-65.

DeCasper, AJ., Spence, M.J., 1986. Prenatal maternal speech influences newborns’
perception of speech sounds. Infant Behav. Dev. 9, 133-150.

Dick, F., Tierney, A.T., Lutti, A,, Josephs, O., Sereno, M.I, Weiskopf, N., 2012. In vivo
functional and myeloarchitectonic mapping of human primary auditory areas.
J. Neurosci. 32, 16095-16105.

Dorman, M.F,, Sharma, A., Gilley, P., Martin, K., Roland, P., 2007. Central auditory
development: evidence from CAEP measurements in children fit with cochlear
implants. J. Commun. Disord. 40, 284-294.

Doucet, M.E., Bergeron, F., Lassonde, M., Ferron, P., Lepore, F., 2006. Cross-modal
reorganization and speech perception in cochlear implant users. Brain 129,
3376-3383.

Emmorey, K., Corina, D., 1990. Lexical recognition in sign language: effects of pho-
netic structure and morphology. Percept. Mot. Skills 71, 1227-1252.

Emmorey, K., Bellugi, U., Friederici, A., Horn, P., 1995. Effects of age of acquisi-
tion on grammatical sensitivity: evidence from on-line and off-line tasks. Appl.
Psycholinguist. 16, 1-23.

Emmorey, K., Allen, |.S., Bruss, J., Schenker, N., Damasio, H., 2003. A morphometric
analysis of auditory brain regions in congenitally deaf adults. Proc. Natl. Acad.
Sci. U.S.A. 100, 10049-10054.

Emmorey, K., Xu, ., Braun, A., 2011. Neural responses to meaningless pseudosigns:
evidence for sign-based phonetic processing in superior temporal cortex. Brain
Lang. 117, 34-38.

Fallon,].B., Irvine, D.R., Shepherd, R.K.,2009. Cochlear implant use following neonatal
deafness influences the cochleotopic organization of the primary auditory cortex
in cats. J. Comp. Neurol. 512, 101-114.

Ferjan Ramirez, N., Leonard, M.K,, Torres, C., Hatrak, M., Halgren, E., Mayberry, R.L,,
2013. Neural language processing in adolescent first-language learners. Cereb.
Cortex 21, 21.

Fine, 1., Finney, E.M., Boynton, G.M., Dobkins, K.R., 2005. Comparing the effects of
auditory deprivation and sign language within the auditory and visual cortex. J.
Cogn. Neurosci. 17, 1621-1637.

Finney, E.M,, Fine, 1., Dobkins, K.R., 2001. Visual stimuli activate auditory cortex in
the deaf. Nat. Neurosci. 4, 1171-1173.

Galaburda, A., Sanides, F., 1980. Cytoarchitectonic organization of the human audi-
tory cortex. J. Comp. Neurol. 190, 597-610.

Geers, A.E., Hayes, H., 2011. Reading, writing, and phonological processing skills of
adolescents with 10 or more years of cochlear implant experience. Ear Hear., 32.

Geers, A.E., Sedey, A.L, 2011. Language and verbal reasoning skills in adolescents
with 10 or more years of cochlear implant experience. Ear Hear., 32.

Geers, A.E., Strube, M.]., Tobey, E.A., Pisoni, D.B., Moog, ].S., 2011. Epilogue: factors
contributing to long-term outcomes of cochlear implantation in early childhood.
Ear Hear. 32, 845-92S.

Giraud, A.L.,, Lee, H.J., 2007. Predicting cochlear implant outcome from brain organ-
isation in the deaf. Restor. Neurol. Neurosci. 25, 381-390.

Giraud, A.L, Truy, E., 2002. The contribution of visual areas to speech comprehen-
sion: a PET study in cochlear implants patients and normal-hearing subjects.
Neuropsychologia 40, 1562-1569.

Giraud, A.L., Price, CJ., Graham, J.M., Frackowiak, R.S., 2001a. Functional plasticity of
language-related brain areas after cochlear implantation. Brain 124, 1307-1316.

Giraud, A.L,, Price, CJ., Graham, ].M., Truy, E., Frackowiak, R.S., 2001b. Cross-modal
plasticity underpins language recovery after cochlear implantation. Neuron 30,
657-663.

Giraud, A.-L., Lazard, D., Lee, H.-]., 2011c. Cochlear implant outcome and functional
brain organization in deaf subjects. Semin. Hear. 32, 142-146.

Hackett, T.A., 2008. Anatomical organization of the auditory cortex. J. Am. Acad.
Audiol. 19, 774-779.

Hassanzadeh, S., 2012. Outcomes of cochlear implantation in deaf children of deaf
parents: comparative study. J. Laryngol. Otol. 126, 989-994.

Heid, S., Jahn-Siebert, T.K,, Klinke, R., Hartmann, R., Langner, G., 1997. Afferent pro-
jection patterns in the auditory brainstem in normal and congenitally deaf white
cats. Hear. Res. 110, 191-199.

Hensch, T.K., 2004. Critical period regulation. Annu. Rev. Neurosci. 27, 549-579.

Hensch, T.K., 2005. Critical period plasticity in local cortical circuits. Nat. Rev. Neu-
rosci. 6, 8377-888.

Hickok, G., Poeppel, D., 2004. Dorsal and ventral streams: a framework for under-
standing aspects of the functional anatomy of language. Cognition 92, 67-99.

Hickok, G., Poeppel, D., Clark, K., Buxton, R.B., Rowley, H.A., Roberts, T.P., 1997.
Sensory mapping in a congenitally deaf subject: MEG and fRMI studies of cross-
modal non-plasticity. Hum. Brain Mapp. 5, 437-444.

Hirano, S., Naito, Y., Kojima, H., Honjo, L., Inoue, M., Shoji, K., Tateya, L., Fujiki, N.,
Nishizawa, S., Konishi, J., 2000. Functional differentiation of the auditory asso-
ciation area in prelingually deaf subjects. Auris Nasus Larynx 27, 303-310.

Hogan, S., Stokes, J., White, C., Tyszkiewicz, E., Woolgar, A., 2008. An evaluation
of auditory verbal therapy using the rate of early language development as an
outcome measure. Deafness Educ. Int. 10, 143-167.

Howard, M.A,, Volkov, 1.0., Mirsky, R., Garell, P.C., Noh, M.D., Granner, M., Damasio,
H., Steinschneider, M., Reale, R.A., Hind, J.E., Brugge, J.F., 2000. Auditory cortex
on the human posterior superior temporal gyrus. J. Compar. Neurol. 416, 79-92.

Hubel, D.H., Wiesel, T.N., 1977. Ferrier lecture. Functional architecture of macaque
monkey visual cortex. Proc. R. Soc. Lond. B: Biol. Sci. 198, 1-59.

Hunt, D.L., Yamoah, E.N., Krubitzer, L., 2006. Multisensory plasticity in congeni-
tally deaf mice: how are cortical areas functionally specified? Neuroscience 139,
1507-1524.

Huttenlocher, P.R., Dabholkar, A.S., 1997. Regional differences in synaptogenesis in
human cerebral cortex. J. Comp. Neurol. 387, 167-178.

Ingvalson, E.M., Wong, P.C., 2013. Training to improve language outcomes in
cochlear implant recipients. Front. Psychol., 4.

Johnson, J.A., Zatorre, R.J., 2005. Attention to simultaneous unrelated auditory and
visual events: behavioral and neural correlates. Cereb. Cortex 15, 1609-1620.

Karns, C.M., Dow, M.H., Neville, HJ., 2012. Altered cross-modal processing in the pri-
mary auditory cortex of congenitally deaf adults: a visual-somatosensory fMRI
study with a double-flash illusion. J. Neurosci. 32, 9626-9638.

Knoors, H., Marschark, M., 2012. Language planning for the 21st century: revisiting
bilingual language policy for deaf children. ]. Deaf Stud. Deaf. Educ. 17,291-305.

Knudsen, E.I., 2004. Sensitive periods in the development of the brain and behavior.
J. Cogn. Neurosci. 16, 1412-1425.

Kral, A., 2007. Unimodal and cross-modal plasticity in the ‘deaf auditory cortex. Int.
J. Audiol. 46, 479-493.

Kral, A., Sharma, A., 2012. Developmental neuroplasticity after cochlear implanta-
tion. Trends Neurosci. 35, 111-122.

Kral, A., Hartmann, R, Tillein, J., Heid, S., Klinke, R., 2002. Hearing after congenital
deafness: central auditory plasticity and sensory deprivation. Cereb. Cortex 12,
797-807.

Kral, A., Schroder, J.H., Klinke, R., Engel, A.K., 2003. Absence of cross-modal reorga-
nization in the primary auditory cortex of congenitally deaf cats. Exp. Brain Res.
153, 605-613.

Kral, A, Tillein, J., Heid, S., Hartmann, R, Klinke, R., 2005. Postnatal cortical develop-
ment in congenital auditory deprivation. Cereb. Cortex 15, 552-562.

Kral, A., Hartmann, R., Klinke, R., 2006. Recruitment of the auditory cortex in con-
genitally deaf cats. In: Lomber, S.G., Eggermont, ].J. (Eds.), Reprogramming the
Cerebral Cortex. Oxford University Press, Oxford, pp. 191-210.

Kral, A, Tillein, ]., Heid, S., Klinke, R., Hartmann, R., 2006b. Cochlear implants: cortical
plasticity in congenital deprivation. Prog. Brain Res. 157, 283-313.

Kuhl, P.K., 2004. Early language acquisition: cracking the speech code. Nat. Rev.
Neurosci., 5.

LaSasso, C., Crain, K.L., 2010. Cued Speech and Cued Language for Deaf and Hard of
Hearing Children. Plural, San Diego, CA.

Laurienti, P.J., Burdette, J.H., Wallace, M.T., Yen, Y.F., Field, A.S., Stein, B.E., 2002.
Deactivation of sensory-specific cortex by cross-modal stimuli. ]. Cogn. Neurosci.
14, 420-429.

Lee, H., Noppeney, U., 2011. Physical and perceptual factors shape the neural mech-
anisms that integrate audiovisual signals in speech comprehension. J. Neurosci.
31,11338-11350.

Lee, D.S., Lee, J.S., Oh, S.H., Kim, S.K., Kim, J.W., Chung, ].K., Lee, M.C., Kim, C.S., 2001.
Cross-modal plasticity and cochlear implants. Nature 409, 149-150.

Please cite this article in press as: Lyness, C.R., et al., How does visual language affect crossmodal plasticity and cochlear implant success?
Neurosci. Biobehav. Rev. (2013), http://dx.doi.org/10.1016/j.neubiorev.2013.08.011

948
949
950
951
952
953
954
955
956
957
958
959
960

962
963
964
965
966
967
968
969
970
971
972
973
974

976
977
978
979
980
981
982
983
984
985
986
987
988
989
990

992

993

994

995

996

997

998

999

1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033


dx.doi.org/10.1016/j.neubiorev.2013.08.011

GModel
NBR18281-10

10 C.R. Lyness et al. / Neuroscience and Biobehavioral Reviews xxx (2013) xXX—Xxx

Lee, HJ., Kang, E., Oh, S.H., Kang, H,, Lee, D.S., Lee, M.C,, Kim, C.S., 2005. Preoperative
differences of cerebral metabolism relate to the outcome of cochlear implants
in congenitally deaf children. Hear. Res. 203, 2-9.

Lee, HJ., Giraud, A.L,, Kang, E., Oh, S.H., Kang, H., Kim, C.S., Lee, D.S., 2007. Corti-
cal activity at rest predicts cochlear implantation outcome. Cereb. Cortex 17,
909-917.

Lenneberg, E., 1967. Biological Foundations of Language. John Wiley and Sons Inc.,
New York.

Leonard, M.K,, Ferjan Ramirez, N., Torres, C., Travis, K.E., Hatrak, M., Mayberry, R.I.,
Halgren, E., 2012. Signed words in the congenitally deaf evoke typical late lex-
icosemantic responses with no early visual responses in left superior temporal
cortex. J. Neurosci. 32, 9700-9705.

Levanen, S., Hamdorf, D., 2001. Feeling vibrations: enhanced tactile sensitivity in
congenitally deaf humans. Neurosci. Lett. 301, 75-77.

Levanen, S., Jousmaki, V., Hari, R., 1998. Vibration-induced auditory-cortex activa-
tion in a congenitally deaf adult. Curr. Biol. 8, 869-872.

Leybaert, J., LaSasso, C.J., 2010. Cued speech for enhancing speech perception and
first language development of children with cochlear implants. Trends Amplif.
14, 96-112.

MacSweeney, M., Calvert, G.A., Campbell, R., McGuire, P.K,, David, A.S., Williams,
S.C., Woll, B., Brammer, M.J., 2002a. Speechreading circuits in people born deaf.
Neuropsychologia 40, 801-807.

MacSweeney, M., Woll, B., Campbell, R., McGuire, P.K., David, A.S., Williams, S.C.,
Suckling, J., Calvert, G.A., Brammer, M.]., 2002. Neural systems underlying British
Sign Language and audio-visual English processing in native users. Brain 125,
1583-1593.

MacSweeney, M., Campbell, R., Woll, B., Giampietro, V., David, A.S., McGuire, P.K.,
Calvert, G.A., Brammer, M.J., 2004. Dissociating linguistic and nonlinguistic ges-
tural communication in the brain. Neuroimage 22, 1605-1618.

MacSweeney, M., Capek, C.M., Campbell, R., Woll, B., 2008. The signing brain: the
neurobiology of sign language. Trends Cogn. Sci. 12, 432-440.

MacSweeney, M., Capek, C.M., Campbell, R., Woll, B., 2008. The signing brain: the
neurobiology of sign language. Trends Cogn. Sci. 12, 432-440.

MacSweeney, M., Waters, D., Brammer, M.]., Woll, B., Goswami, U., 2008b. Phonolog-
ical processing in deaf signers and the impact of age of first language acquisition.
Neuroimage 40, 1369-1379.

Makinodan, M., Yamauchi, T., Tatsumi, K., Okuda, H., Takeda, T. Kiuchi, K,
Sadamatsu, M., Wanaka, A., Kishimoto, T., 2009. Demyelination in the juvenile
period, but not in adulthood, leads to long-lasting cognitive impairment and
deficient social interaction in mice. Prog. Neuropsychopharmacol. Biol. Psychi-
atry 33, 978-985.

Makinodan, M., Rosen, K.M,, Ito, S., Corfas, G., 2012. A critical period for social
experience-dependent oligodendrocyte maturation and myelination. Science
337,1357-1360.

Marinkovic, K., Dhond, R.P., Dale, A.M., Glessner, M., Carr, V., Halgren, E., 2003. Spa-
tiotemporal dynamics of modality-specific and supramodal word processing.
Neuron 38, 487-497.

Markman, T.M., Quittner, A.L, Eisenberg, L.S., Tobey, E.A., Thal, D., Niparko, J.K.,
Wang, N.Y., Team, C.D.L, 2011. Language development after cochlear implan-
tation: an epigenetic model. J. Neurodev. Disord. 3, 388-404.

Mayberry, R.I,, 1993. First-language acquisition after childhood differs from second
language acquisition: the case of American Sign Language. J. Speech Hear. Res.
36, 1258-1270.

Mayberry, R.I,, 2002. Cognitive development of deaf children: the interface of lan-
guage and perception in neuropsychology. In: Segaolwitz, S.J. (Ed.), Handbook
of Neuropsychology, vol. 8. Elsevier, Amsterdam, pp. 71-107.

Mayberry, R.I., Eichen, E.B., 1991. The long-lasting advantage of learning sign lan-
guage in childhood: another look at the critical period for language acquisition.
Journal of Memory and Language 30, 486-512.

Mayberry, R.L,, Lock, E., 2003. Age constraints on first versus second language acqui-
sition: evidence for linguistic plasticity and epigenesis. Brain Lang. 87, 369-384.

Mayberry, R.L, Lock, E., Kazmi, H., 2002. Linguistic ability and early language expo-
sure. Nature 417, 38.

Mayberry, R.I,, Chen, J.K., Witcher, P., Klein, D., 2011. Age of acquisition effects on the
functional organization of language in the adult brain. Brain Lang. 119, 16-29.

McGettigan, C., Faulkner, A., Altarelli, 1., Obleser, ]., Baverstock, H., Scott, S.K., 2012.
Speech comprehension aided by multiple modalities: behavioural and neural
interactions. Neuropsychologia 50, 762-776.

Meadow-Orlans, K., Spencer, P., Koester, L., 2004. The World of Deaf Infants: A
Longitudinal Study. Oxford University Press, New York.

Meredith, M.A., Allman, B.L., 2012. Early hearing-impairment results in crossmodal
reorganization of ferret core auditory cortex. Neural Plast. 601591, 19.

Meredith, M.A., Lomber, S.G., 2011. Somatosensory and visual crossmodal plasticity
in the anterior auditory field of early-deaf cats. Hear. Res. 280, 38-47.

Mitchiner, J., Nussbaum, D.B., Scott, S., 2012. The implications of bimodal bilingual
approaches for children with cochlear implants (Research Brief No. 6), vol. 6.
Visual Language and Visual Learning Learning Centre, Washington.

Moon, C., Cooper, R.P., Fifer, W.P., 1993. Two-day-olds prefer their native language.
Infant Behav. Dev. 16, 495-500.

Morosan, P., Rademacher,]., Schleicher, A., Amunts, K., Schormann, T., Zilles, K., 2001.
Human primary auditory cortex: cytoarchitectonic subdivisions and mapping
into a spatial reference system. Neuroimage 13, 684-701.

Narr, R.F., Cawthon, S.W., 2010. The “Wh” questions of visual phonics: what, who,
where, when, and why. ]. Deaf Stud. Deaf Educ., 16.

Neville, HJ., Bavelier, D., 1998. Neural organization and plasticity of language. Curr.
Opin. Neurobiol. 8, 254-258.

Newport, E.L., 1990. Maturational constraints on language learning. Cogn. Sci. 14,
11-28.

Nishimura, H., Hashikawa, K., Doi, K., Iwaki, T., Watanabe, Y., Kusuoka, H., Nishimura,
T., Kubo, T., 1999. Sign language ‘heard’ in the auditory cortex. Nature 397, 116.

Nittrouer, S., Caldwell, A., Holloman, C., 2012. Measuring what matters: effectively
predicting language and literacy in children with cochlear implants. Int. J. Pedi-
atr. Otorhinolaryngol. 76, 1148-1158.

Pandya, D.N., 1995. Anatomy of the auditory cortex. Rev. Neurol. (Paris) 151,
486-494.

Patterson, K., Nestor, P.J., Rogers, T.T., 2007. Where do you know what you know? The
representation of semantic knowledge in the human brain. Nat. Rev. Neurosci.
8,976-987.

Pekkola, J., Ojanen, V., Autti, T., Jaaskelainen, I.P., Mottonen, R., Tarkiainen, A., Sams,
M., 2005. Primary auditory cortex activation by visual speech: an fMRI study at
3T. Neuroreport 16, 125-128.

Penicaud, S., Klein, D., Zatorre, RJ., Chen, J.K.,, Witcher, P., Hyde, K., Mayberry, R.L,
2012. Structural brain changes linked to delayed first language acquisition in
congenitally deaf individuals. Neuroimage 11, 42-49.

Petitto, L.A., Zatorre, R.J., Gauna, K., Nikelski, E.J., Dostie, D., Evans, A.C., 2000. Speech-
like cerebral activity in profoundly deaf people processing signed languages:
implications for the neural basis of human language. Proc. Natl. Acad. Sci. U.S.A.
97, 13961-13966.

Rademacher, J., Morosan, P., Schormann, T., Schleicher, A., Werner, C., Freund, HJ.,
Zilles, K., 2001. Probabilistic mapping and volume measurement of human pri-
mary auditory cortex. Neuroimage 13, 669-683.

Raggio, M.W., Schreiner, C.E., 1999. Neuronal responses in cat primary auditory
cortex to electrical cochlear stimulation. IIl. Activation patterns in short- and
long-term deafness. J. Neurophysiol. 82, 3506-3526.

Rauschecker, J.P., Scott, S.K., 2009. Maps and streams in the auditory cortex: nonhu-
man primates illuminate human speech processing. Nat. Neurosci. 12, 718-724.

Reale, R.A,, Calvert, G.A., Thesen, T., Jenison, R.L., Kawasaki, H., Oya, H., Howard, M.A.,
Brugge, ].F.,2007. Auditory-visual processing represented in the human superior
temporal gyrus. Neuroscience 145, 162-184.

Rouger, J., Lagleyre, S., Fraysse, B., Deneve, S., Deguine, O., Barone, P., 2007. Evidence
that cochlear-implanted deaf patients are better multisensory integrators. Proc.
Natl. Acad. Sci. U.S.A. 104, 7295-7300.

Rouger, ]., Fraysse, B., Deguine, O., Barone, P., 2008. McGurk effects in cochlear-
implanted deaf subjects. Brain Res. 10, 87-99.

Sadato, N., Yamada, H., Okada, T., Yoshida, M., Hasegawa, T., Matsuki, K., Yonekura,
Y., Itoh, H., 2004. Age-dependent plasticity in the superior temporal sulcus in
deaf humans: a functional MRI study. BMC Neurosci. 5, 56.

Schick, B., 2003. The development of American Sign Language and manually coded
English systems. In: Marschark, M., Spencer, P. (Eds.), The Oxford Handbook
of Deaf Studies Language and Education. Oxford University Press, Oxford, pp.
21-231.

Schramm, D., Fitzpatrick, E., Seguin, C., 2002. Cochlear implantation for adolescents
and adults with prelinguistic deafness. Otol. Neurotol. 23, 698-703.

Sharma, A., Martin, K., Roland, P., Bauer, P., Sweeney, M.H., Gilley, P., Dorman, M.,
2005. P1 latency as a biomarker for central auditory development in children
with hearing impairment. J. Am. Acad. Audiol. 16, 564-573.

Sharma, A., Gilley, P.M., Dorman, M.F., Baldwin, R., 2007. Deprivation-induced corti-
cal reorganization in children with cochlear implants. Int. J. Audiol. 46, 494-499.

Skotara, N., Kugow, M., Salden, U., Hanel-Faulhaber, B., Roder, B., 2011. ERP correlates
of intramodal and crossmodal L2 acquisition. BMC Neurosci. 12, 1471-2202.

Stacey, P.C., Fortnum, H.M.,, Barton, G.R., Summerfield, A.Q., 2006. Hearing impaired
children in the United Kingdom. I. Auditory performance, communication skills,
educational achievement. Quality of life, and cochlear implantation. Ear Hear.
27,161-186.

Sutton-Spence, R.L., Woll, B., 1999. The Linguistics of British Sign Language: An
Introduction. CUP, Cambridge.

Szagun, G., Stumper, B., 2012. Age or Experience? The influence of age at implan-
tation, social and linguistic environment on language development in children
with cochlear implants. J. Speech Lang. Hear. Res. 55, 1640-1654.

Tillein, J., Hubka, P., Syed, E., Hartmann, R., Engel, A.K,, Kral, A., 2010. Cortical repre-
sentation of interaural time difference in congenital deafness. Cereb. Cortex 20,
492-506.

Tyler, R.S., Fryauf-Bertschy, H., Kelsay, D.M., Gantz, B.J., Woodworth, G.P., Parkin-
son, A., 1997. Speech perception by prelingually deaf children using cochlear
implants. Otolaryngol. Head Neck Surg. 117, 180-187.

Venalil, F., Viey, A,, Artieres, F., Mondain, M., Uziel, A., 2010. Educational and employ-
ment achievements in prelingually deaf children who receive cochlear implants.
Arch. Otolaryngol. - Head Neck Surg. 136, 366-372.

Wilson, B.S., Dorman, M.F., Woldorff, M.G., Tucci, D.L., 2011. Cochlear implants
matching the prosthesis to the brain and facilitating desired plastic changes
in brain function. Prog. Brain Res. 194, 117-129.

Yoshida, H., Kanda, Y., Miyamoto, I., Fukuda, T., Takahashi, H., 2008. Cochlear implan-
tation on prelingually deafened adults. Auris Nasus Larynx 35, 349-352.

Please cite this article in press as: Lyness, C.R., et al., How does visual language affect crossmodal plasticity and cochlear implant success?
Neurosci. Biobehav. Rev. (2013), http://dx.doi.org/10.1016/j.neubiorev.2013.08.011

1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195


dx.doi.org/10.1016/j.neubiorev.2013.08.011

	How does visual language affect crossmodal plasticity and cochlear implant success?
	1 Introduction
	2 Animal models of auditory cortical sensitive periods
	3 Sensitive periods for cochlear implantation in children: an interaction between language and auditory sensitive periods
	4 Neural predictors of CI success
	5 Crossmodal plasticity in auditory cortex and its relationship to CI success
	6 What are the consequences of depriving a child of early language?
	7 Conclusion
	Acknowledgements
	References


