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Abstract

In congenitally deaf people, temporal regions typically believed to be primarily auditory enhance their
response to nonauditory information. The neural mechanisms and functional principles underlying this
phenomenon, as well as its impact on auditory recovery after sensory restoration, yet remain debated.
In this chapter, we demonstrate that the cross-modal recruitment of temporal regions by visual inputs
in congenitally deaf people follows organizational principles known to be present in the hearing brain.
We propose that the functional and structural mechanisms allowing optimal convergence of multisensory
information in the temporal cortex of hearing people also provide the neural scaffolding for feeding visual
or tactile information into the deafened temporal areas. Innate in their nature, such anatomo-functional
links between the auditory and other sensory systems would represent the common substrate of both early
multisensory integration and expression of selective cross-modal plasticity in the superior temporal cortex.

INTRODUCTION1

Decades of research into cognitive neuroscience have
evidenced the extraordinary ability of the human brain
to adapt its anatomo-functional components in response
to experience, typically referred to as brain neuroplasti-
city. Most humans can interact appropriately with the
surrounding environment thanks to multiple senses and
specialized sensory organs that capture and integrate
multisensory signals. It is now widely accepted that both
experiential exposure and endogenous constraints influ-
ence the development of the dynamic neural connections
and functional units that subtend unified and coherent
sensory experiences (Knudsen, 2004; Hensch, 2005;
Takesian andHensch, 2013). There is also consistent evi-
dence that multisensory convergence and integration

increase perceptual accuracy by allowing access to
redundant sensory cues that are necessary for full object
characterization (Calvert and Thesen, 2004; Stein and
Stanford, 2008).

Some individuals, however, cannot rely on all their
sensory systems since they were born without, or have
lost early or late in life, one or more senses. This is,
for example, the case of blind and deaf individuals. Early
views, mostly based on “deficiency” theories of sensory
deprivation (Myklebust and Brutten, 1953; Axelrod,
1959) predicted that sensory deprivation would sub-
stantially impair the remaining sensory and high-level
cognitive systems. In contrast to such views, it has
become clear that sensory-deprived individuals can
impressively compensate for their sensory loss thanks
to enhanced abilities in the remaining senses and that such
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adaptation is paralleled by concurrent brain changes
(Rauschecker, 1995; Merabet and Pascual-Leone, 2010;
Voss et al., 2010; Frasnelli et al., 2011). Sensory depriva-
tion can induce changes at different brain levels: changes
involving brain regions dedicated to the processing of the
remaining senses are referred to as intramodal plasticity,
whereas changes occurring in regions that normallywould
process the lost sensory modality are referred to as cross-
modal plasticity. Since intra- and cross-modal plasticity
plausibly reflect different neural mechanisms of adapta-
tion, the study of individuals with sensory deprivation is
a unique model to test how sensory experience and intrin-
sic genetic constraints interact to shape the development of
functional brain specialization.

The purpose of this chapter is to provide an overview of
the impact that early auditory deprivation exerts on the
functional specialization of the superior temporal cortex
(STC), and the extent and properties of cross-modal plas-
ticity in this region and its relationship with early mul-
tisensory processing in the brain. Severe hearing loss
(congenital or early/late acquired) is themost frequent sen-
sory deficit in the human population with a world preva-
lence estimated 6.1% (466 millions) among adults and
1.7% (34 millions) among children (WHO report on
hearing, 2021). Despite the remarkable degree of adapta-
tion and compensation that deaf children and adults show
as they interact with the surrounding environment, a sig-
nificant portion of them require substantial rehabilitative
and educational support. Cochlear implants (CIs) aremod-
ern devices that allow hearing to be partially restored by
electrical stimulation of the human cochlea, provided that
the auditory nerve is intact. Despite the fast development
of CI technology, the degree of auditory recovery after
cochlear implantation yet remains variable, particularly
as age and duration of hearing loss at implantation
increases (Sharma et al., 2005) and concurrent cross-
modal reorganization of auditory regions takes place
(Kral and Sharma, 2012; Sharma et al., 2015). It follows
that an additional, translational aim of neurocognitive
research focusing on cross-modal plasticity and auditory
deprivation is to evaluate whether and to what extent cor-
tical reorganization interferes with auditory restoration
interventions. Further, the study of cross-modal plasticity
can contribute in characterizing the potential resources that
this neural mechanism might provide and inform the
adaptation of rehabilitative and educational interventions.

The chapter starts out by reviewing the existing knowl-
edge on behavioral compensation in deafness and its rela-
tionship with cross-modal plasticity (Section “Adaptation
and Cross-Modal Plasticity in the STC”). Then, it presents
the most recent investigations that documented functional
selectivity of cross-modal plasticity (Section “Cross-
Modal Functional Selectivity in the STC”) and that
explored the neural mechanisms subtending cross-modal

reorganization in the STC (Section “Neural Mechanisms
Mediating Selective Cross-Modal Plasticity in the
STC”), before discussing innate anatomical and functional
constraints on the expression of cross-modal plasticity
in this brain region (Section “Cortical Multisensory
Convergence and Intrinsic Constraints of Cross-Modal
Plasticity”). In the last section, outstanding questions
and future challenges for research in the field of sen-
sory deprivation and restoration will be introduced
(Section “Outstanding Questions and Concluding
Remarks”).

ADAPTATION AND CROSS-MODAL
PLASTICITY IN THE STC

Thenotion of brain plasticity has been particularly adduced
when discussing the compensatorymechanisms thatmight
emerge insomecasesofearly sensorydeprivation(Bavelier
and Neville, 2002; Pascual-Leone et al., 2005). For deaf
individuals, environmental and interpersonal information
critically relies on the binocular visual field, whereas in
hearing individuals additional information can be attained
from the auditory system covering all directions in space.
Importantly, they can access language mostly through the
visual modality by reading lip movements of a talking per-
son or by relyingon sign language.However, despite living
in a world without sounds, deaf individuals can adapt
themselves by interacting with the surrounding environ-
ment, communicate with others, and achieve impressive
accomplishments in their lives. There are anecdotal reports
of deaf persons demonstrating enhanced abilities with their
remaining senses, the most prominent example being the
last masterpieces composed by Ludwig van Beethoven.
Turned profoundly deaf by his forties, Beethoven contin-
ued composing piano sonatas and symphonies by using a
wooden stick between his teeth to touch the piano sound-
board and feel the vibrations produced while playing the
instrument (Stevens and Hemenway, 1970).

Behavioral research has shown that enhanced visual
abilities in congenitally deaf individuals are not perva-
sive, but rather appear bounded by specific areas of
visual and somatosensory perception (Bavelier et al.,
2006a; Pavani and Bottari, 2012). Pioneering research
reported that low-level perceptual thresholds, such as
contrast sensitivity (Finney et al., 2001), motion sensi-
tivity (Bosworth and Dobkins, 1999, 2002), motion
velocity (Brozinsky and Bavelier, 2004), and brightness
discrimination (Bross, 1979) do not appear to be
enhanced in deaf individuals. Instead, heightened visual
skills had been primarily reported for visual perceptual
processing of the peripheral visual field (Neville and
Lawson, 1987; Hong Loke and Song, 1991; Bavelier
et al., 2000; Proksch and Bavelier, 2002; Sladen et al.,
2006). More recent investigations, however, have
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reported advantages in early deaf adults also for visual
stimuli presented at both fixation and perifoveal loca-
tions (Bottari et al., 2010; Heimler and Pavani, 2014).
In addition, enhanced performances have been observed
also for tactile/vibratory temporal order processing
(Lev€anen et al., 1998; Lev€anen and Hamdorf, 2001;
Heming and Brown, 2005; Moallem et al., 2010; Van
Dijk et al., 2013) in deaf compared to hearing
individuals.

It has been proposed that cross-modal plasticity might
be an adaptivemechanism responsible, at least in part, for
the compensatory enhancement described in individuals
with sensory deprivation or loss (Bavelier and Neville,
2002). More specifically, following the loss of a sensory
modality, behavioral compensation might be causally
related to the capability of the sensory-deprived cortex
to adapt itself and process inputs coming from a spared
sensory modality (Rauschecker, 1995; R€oder et al.,
1999; for reviews, see Frasnelli et al., 2011; Merabet
and Pascual-Leone, 2010; Voss et al., 2010). Therefore,
in the case of deafness, the auditory regions in the STC,
divested of their preferred sensory input, would become
favorable candidates for nesting cross-modal plasticity
and support behavioral compensation.

Animal models provided initial evidence that the pri-
mary auditory cortex (A1) could be recruited by visual
information in the absence of auditory inputs: surgical
rewiring of visual inputs from the thalamus to A1
induced responses to visual information in A1 (Pallas
et al., 1990) that were strikingly similar to those observed
in the primary visual cortex (Roe et al., 1992) of ferrets.
In humans, early neuroimaging studies have shown
cross-modal recruitment of auditory regions of the
STC in response to visual motion in deaf compared to
hearing individuals. For example, in deaf individuals,
visual recruitment of the right auditory cortex was
observed during attended visual motion (Finney et al.,
2001, 2003; Shibata et al., 2001; Fine et al., 2005) and
vision of lip movements and hand gestures/signs
(Sadato et al., 2005), with or without a language compo-
nent, using fMRI. Notably, such cross-modal motion
sensitivity is not driven by the use of visual sign language
in deaf participants since a similar effect was not
observed in hearing individuals who were also native
sign language users (Fine et al., 2005). More recently,
imaging studies in humans have also provided evidence
in favor of cross-modal responses to visual change
detection (Bottari et al., 2014) and peripheral visual
stimulation (Scott et al., 2014) in primary and associa-
tive auditory regions of profoundly deaf individuals.

Several neuroimaging studies also focused on cross-
modal reorganization of superior temporal regions that
typically respond to spoken/heard language in hearing
individuals. Most of these earlier studies compared

visual sign language stimuli with still images of the sign-
ers and did not match sign language stimuli with nonlin-
guistic motion conditions, thus not directly addressing
cross-modal reorganization of temporal regions that typ-
ically process spoken/heard language. Nevertheless, they
provided initial evidence that cross-modal plasticity, in
deaf individuals, might follow organizational principles
known to be present in the “hearing” brain. Two pioneer-
ing studies used positron emission tomography (PET) in
congenitally deaf individuals, who were also native sign
language users, and showed increased cerebral blood
flow activity in response to viewing signs in the STC
bilaterally (Nishimura et al., 1999; Petitto et al., 2000).
More specifically, the cross-modal response was mostly
overlapping with the planum temporale, a region
implicated in auditory speech processing (Scott and
Johnsrude, 2003; for a review see Price, 2012). In the fol-
lowing years, additional observations were collected that
consistently reported cross-modal activations for sign
language processing in bilateral secondary auditory cor-
tices of the mid-posterior STC (MacSweeney, 2002;
Campbell et al., 2011), more prominently in the left
hemisphere (Neville et al., 1998; Emmorey et al.,
2007; Mayberry et al., 2011). Importantly, visual recruit-
ment of the superior temporal regions by sign language
processing was greater in deaf native signers compared
to hearing native signers (MacSweeney, 2002), suggest-
ing that cross-modal recruitment of these regions is not
an exclusive by-product of sign language acquisition
and exposure. This observation was recently corrobo-
rated by a series of studies comparing deaf native
users of British Sign Language with deaf and hearing
speakers of English while they responded to sign-based
material that could convey or not language content
(Cardin et al., 2013, 2016). In deaf individuals, sensory
deprivation and sign language exposure induced plastic
changes in distinct anatomical and functional areas: sign-
language stimulation was associated with cross-modal
activity in the left STC and anterior-medial part of the
right STC, while cross-modal activity in the right mid-
posterior STC and the primary auditory regions was
associated, to a greater extent, with visual nonlinguistic
stimulation.

Only a few studies have investigated whether cross-
modal reorganization occurs with the somatosensory
modality, possibly due to the primary focus that neu-
rocognitive research focusing on cross-modal plasticity
has allocated to the visual modality (Bavelier et al.,
2006a; Heimler et al., 2014). An earlier single-case
study (Lev€anen et al., 1998) recorded MEG signals in
a congenitally deaf adult while a vibro-tactile stimulation
was applied on his palm and fingers and showed, not only
cross-modal recruitment of the bilateral primary and sec-
ondary auditory cortices, but also that these regions were
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able to discriminate across different vibration frequen-
cies. This initial evidence was subsequently supported
by two fMRI investigations that reported both wide-
spread somatosensory responses in the “deaf” auditory
cortical regions, partly modulated by the life-long expe-
rience with hearing aids (Auer et al., 2007), and visual-
haptic responses in Heschl’s gyrus mostly overlapping
with the primary auditory cortex (Karns et al., 2012).
Interestingly, Karns et al. (2012) also reported that
somatosensory cross-modal responses in the primary
auditory regions were larger than those elicited by visual
stimulation, while the opposite was observed for visual
cross-modal responses in secondary and high-order
auditory regions of the STC.

Overall, the neurocognitive research presented so far
confirms the emergence of functional reorganization of
the “deaf” auditory regions in the STC following early
auditory deprivation. However, despite the growing
body of work on this topic, only few studies showed a
significant correlation between cross-modal activations
and behavioral outcomes (Bolognini et al., 2012;
Karns et al., 2012). In an elegant study involving
transcranial magnetic stimulation (TMS), Bolognini
et al. (2012) reported cross-modal functional responses
to temporal and spatial tactile stimulation within an early
time window (<120ms) in the STC of deaf individuals
and that their behavioral performance on temporal and
spatial processing was disrupted by applying TMS over
the same STC regions, similar to what was observed in
the primary somatosensory areas of hearing individuals
(Bolognini et al., 2012). Karns et al. (2012) exploited a
double-flashed somatosensory illusion in which a single
flash of light paired with two (or more) somatosensory
stimuli is wrongly perceived as two flashes (Artem
et al., 2005) and showed that the strength of somatosen-
sory cross-modal responses in the auditory cortices were
positively correlated with the strength of the touch-
induced visual illusion in deaf individuals. Amore recent
series of studies reported only indirect evidence of
causality between neural reorganization and behavioral
adaptation by showing that both cortical thickness
(Shiell et al., 2016) and white matter connectivity indices
(Shiell and Zatorre, 2017) in a portion of the human right
planum temporale (hPT), typically involved in auditory
motion processing (Baumgart et al., 1999; Battal et al.,
2019), were correlated with motion-detection thresholds
in deaf individuals.

Altogether, the studies presented in this section
provided initial evidence that cross-modal recruitment
does not occur uniformly across the auditory regions
deprived of their preferred input; rather, it appears to
emerge in discrete subregions of the auditory cortex and
to involve specific visual or somatosensory functions.
It naturally follows, therefore, to ask what functional

principles drive and constrain the selective cross-modal
plasticity reported in the STC and how this relates to
the functional organization and specialization of the
“hearing” STC.

CROSS-MODAL FUNCTIONAL
SELECTIVITY IN THE STC

An influential study investigating cross-modal plasticity
and its functional relevance in congenitally deaf cats
(Lomber et al., 2010) proposed that selective cross-
modal plasticity is more likely to occur in cortical
modules that rely on functional attributes commonly
shared between sensorymodalities.Moreover, the output
function of the reorganized cortical modules would be
preserved after cross-modal reorganization since it
would be dependent on the domain specialization of
the deprived sensory cortex. According to this proposi-
tion, visual localization or visual motion could anchor
into regions typically supporting auditory spatial locali-
zation and auditory motion perception, for instance,
because they share a common computational goal. In
contrast, visual acuity or color perception, which are
prominently modality-specific functions, might not find
a computational niche sufficiently close in function to
remap into the temporal cortex of the “deaf” brain
(Lomber et al., 2010; Dormal and Collignon, 2011).

In order to address the existence of a causal link
between “supranormal” visual abilities and cross-modal
visual recruitment of the auditory cortex following
auditory deprivation, Lomber et al. (2010) surgically
implanted deaf cats with cortical cryoloops (Lomber
et al., 1999) that permitted selective and reversible deac-
tivation of auditory regions through cortical cooling.
They demonstrated that the heightened performances
in visual spatial localization and motion detection
observed in congenitally deaf cats were selectively and
separately impaired by a transient deactivation of
discrete portions of the dorsal auditory cortex. These
regions, the posterior auditory field and the dorsal zone,
are known to typically process auditory spatial and
motion information, respectively, in hearing cats
(Malhotra and Lomber, 2007; Malhotra et al., 2008).
Critically, none of the cortical manipulations implemen-
ted in the study altered either the performance of the
hearing cats in the same visual functions or the perfor-
mance of the deaf cats in other visual functions such as
visual acuity or velocity discrimination. A second study
by the same group (Meredith et al., 2011b) further
showed that the auditory field of the anterior ectosylvian
sulcus, typically implicated in auditory spatial localiza-
tion in hearing cats, was causally related to visual spatial
orienting behaviors in early-deafened cats.
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One of the first studies that tested functionally specific
cross-modal plasticity in deaf humans failed to observe
significant selective cross-modal responses to visual
motion detection in motion-sensitive auditory regions
(Shiell et al., 2015). However, the group of deaf individ-
uals participating in the study was heterogeneous as to
both the onset of hearing loss (congenital vs acquired
during infancy) and the extent of hearing aid use (span-
ning from 21% to 92% of a lifetime). Therefore, given
that studies of sensory-deprived individuals rarely imply
large sample sizes, interindividual variability might have
impacted the discovery power of the study. Indeed, cross-
modal activity in the posterior STC was observed at a
subthreshold statistical significance and the extent of
hearing use was found to negatively correlate with the
strength of such cross-modal recruitment, i.e., deaf indi-
viduals that used hearing aids longer were also those
showing the weaker cross-modal recruitment of auditory
motion-sensitive regions in the STC.

More recently, it was tested whether cross-modal
responses to visual rhythm could be detected in specific
portions of the “deaf” auditory STC (Bola et al., 2017). In
this study, deaf and hearing individuals were compared
while they discriminated between visual sequences of
flashes that were temporally complex. Cross-modal
visual responses were observed, for deaf individuals,
in portions of the STC and the superior temporal sulcus
(STS) that responded to matched temporally complex
auditory sequences of beeps in hearing individuals. The
cortical portion responding to both auditory and visual
temporal sequences encompassed auditory regions along
the STC/STS that are also known to subtend different
auditory functions such as motion (Baumgart et al.,
1999; Battal et al., 2019), voice (Belin et al., 2000), and
speech (Scott and Johnsrude, 2003; for a review, see
Price, 2012) processing. Accordingly, these STC/STS
subregions might altogether, each with their specific
functional specialization, contribute to higher-level
functions that involve processing temporal sequences,
such as audio-visual speech and language processing
(Bernstein and Liebenthal, 2014).

Benetti and colleagues aimed at specifically assessing
the functional selectivity of cross-modal responses in the
temporal cortex of deaf humans by investigating two
distinct brain functions that maximally benefit from
multisensory convergence: person identity recognition
and coherent motion processing (Benetti et al., 2017,
2021). The functional selectivity of cross-modal plastic-
ity was ascertained by including, in each study, a specific
fMRI localizer for the localization of voice or auditory
motion-sensitive auditory regions in hearing individuals.
Additionally, in order to control for potential confound-
ing effects of language experience (i.e., oral/spoken
language vs visual sign language, native vs late

sign-language acquisition) in these studies, a group of
hearing individuals who were native sign-language users
(born to deaf parents) or had acquired the Italian sign lan-
guage (LIS) in school (LIS interpreters) were also
included. In the first study (Benetti et al., 2017), deaf
and hearing individuals were compared while they pro-
cessed visual information depicting human faces or
houses during both fMRI and MEG experiments. This
contrast was chosen since these visual stimuli are known
to engage distinct cortical circuits in the human brain
(Haxby et al., 2001). In addition, a second sophisticated
adaptation-suppression fMRI experiment (Grill-Spector
and Malach, 2001; Gentile and Rossion, 2014) was
employed to elucidate further the computational attri-
butes of potential cross-modal reorganization. In deaf
individuals, selective cross-modal responses to faces
were detected in a small portion of the mid-STC/STS,
which mostly overlapped with the region selectively
responding to human voice information in hearing
individuals; also known as the temporal voice-sensitive
area (TVA; Belin et al., 2000); while no selective
responses were elicited by the perception of houses
(Fig. 7.1A). In this region of the “deaf” temporal cortex,
face-selective responses emerged very fast, 192ms
following stimulus onset, which was only milliseconds
later than the activation observed at 176ms in the main
face recognition area, the fusiform face area (FFA;
Kanwisher et al., 1997). In addition, the reorganized
“deaf” TVA showed functional adaptation (i.e.,
decreased activity) in response to same face identity
when compared to different face identities, demonstrat-
ing that this region can discriminate across face identities
similar to what it is observed in the visual FFA (Gentile
and Rossion, 2014) and in the “hearing” TVA for voices
(Belin and Zatorre, 2003). Notably, when the relation-
ship between face-selective recruitment of STC/STS in
deaf individuals and their ability to recognize and recol-
lect previously seen faces was assessed, deaf individuals
outperformed hearing individuals and the strength of
face-selective responses in the “deaf” TVA was posi-
tively correlated with the ability to recognize and recol-
lect face identity. Overall, these findings suggest that the
reorganized “voice” region participates in face identity
processing and responds selectively to faces early in
time, putatively maintaining a relation to the computa-
tional structure of the problems it solves in hearing
individuals: discriminating between people identities.

In a second investigation (Benetti et al., 2021),
functional selective cross-modal responses for visual
coherent motion processing were examined. In this
study, two visual motion trajectories were specifically
contrasted, lateral-horizontal and approaching-radial
motion, based on the assumption that both benefit from
audio-visual convergence, but that audition might
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convey more relevant sensory information for the latter.
In fact, a perceptual priority for approaching/receding
compared to static or horizontal moving sounds is
observed for the auditory modality in hearing humans
(Neuhoff, 1998; Moore and King, 1999), suggesting that
adaptive and selective cross-modal recruitment might be
more likely to occur in the circuits subtending the per-
ception of approaching/receding audio-visual objects.
Accordingly, at the behavioral level, deaf individuals
were previously found to be faster and more accurate
when detecting subtle changes from horizontal to diago-
nal motion (Hauthal et al., 2013). Adding on to previous
findings (Finney et al., 2001, 2003; Fine et al., 2005),
cross-modal responses to both horizontal and radial
visual motion were reported in a portion of the right
hPT that selectively processed both these motion trajec-
tories in hearing individuals (Fig. 7.1B). In addition,
selective visual responses to approaching-radial motion
were also observed in a more anterior subregion of the
hPT that preferentially responds to this motion trajectory
compared to lateral-horizontal motion in the “hearing”
brain. This suggests that ecological biases for approach-
ing/receding audio-visual objects (Soto-Faraco et al.,
2004; Cappe et al., 2009) might provide a preferential
ground for adaptive cross-modal plasticity in the STC.
Further, a multivoxel pattern analysis was implemented
to assess motion-decoding capabilities in the reorganized
portion of the “deaf” hPTand reported increased discrim-
ination accuracies among motion trajectories in this
region similar to what was observed in the visual hMT
+/V5 complex, a region in the occipito-temporal cortex

sensitive to coherent motion perception (Zeki et al.,
1991; Watson et al., 1993; Braddick et al., 2001) and
known to implement multivariate responses to distinct
motion trajectories (Kamitani and Tong, 2010; Rezk
et al., 2020) in hearing individuals. Interestingly, it was
also observed that the decoding accuracies of different
motion trajectories decreased in the hMT+/V5 in deaf
individuals, suggesting a reallocation of computational
load between auditory and visual brain regions that
typically support the multisensory processing of motion
information (see Dormal et al., 2016, for similar conclu-
sions in the “blind” brain).

In summary, the study of animal models of congenital
deafness together with the recent imaging studies
conducted in early-deaf humans provide convincing evi-
dence that the lack of auditory experience early in life
induces functionally specific cross-modal plasticity.
More specifically, these selective cross-modal changes
follow organizational principles that maintain the func-
tional specialization of the colonized “deaf” brain
regions. Furthermore, selective cross-modal reorganiza-
tion appears to emerge preferentially in conditions where
the spared sensory modality, such as vision, alone is not
sufficiently informative and where cross-modal conver-
gence is typically most beneficial in hearing and sighted
individuals (Dormal and Collignon, 2011). In the next
sections, we will discuss the neural mechanisms that
might mediate such selective cross-modal plasticity
with a specific focus on the interaction between sensory
experience, intrinsic constraints, and multisensory
convergence in the STC.

Fig. 7.1. Selective cross-modal recruitment of the “deaf” superior temporal cortex. (A) Depiction of the spatial overlap between

the face-selective response in deaf subjects (yellow) and the voice-selective response in hearing subjects (blue) in the right hemi-

sphere. (B) Visual motion sensitivity within the right deaf auditory motion-STC, outlined in the black dotted line is the auditory
motion-STC as functionally defined in hearing controls for [auditory motion> static]. TVA, temporal voice-sensitive area; TFA,
temporal face-sensitive area;A-Motion-STC, auditorymotion-sensitive area in STC.Modifiedwith permission fromBenetti S, van

AckerenMJ, Rabini G, Zonca J, Foa V, Baruffaldi F, RezkM, Pavani F, Rossion B, Collignon O (2017). Functional selectivity for

face processing in the temporal voice area of early deaf individuals. Proc Natl Acad Sci U S A 114: E6437–E6446. doi:10.1073/

pnas.1618287114; Benetti S, Zonca J, Ferrari A, RezkM, Rabini G, Collignon O (2021). Visual motion processing recruits regions

selective for auditory motion in early deaf individuals. Neuroimage 230. doi:10.1016/j.neuroimage.2021.117816.
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NEURAL MECHANISMS MEDIATING
SELECTIVE CROSS-MODAL PLASTICITY

IN THE STC

The research presented in the previous sections com-
pellingly illustrates how nature and nurture might inter-
act in brain development by suggesting that specific
brain areas have evolved to anticipate particular compu-
tations while remaining flexible relative to the sensory
input they receive (see also Amedi et al., 2017;
Heimler and Amedi, 2020, for recent theoretical pro-
posals on task-selective functional specialization of the
human brain). As a consequence, selective cross-modal
recruitment of a sensory-deprived region would “find
‘neuronal niches’ in a set of circuits that perform
functions sufficiently close to the ones required by the
remaining senses” (Collignon et al., 2011). Yet, beyond
the functional principles that appear to drive the emer-
gence of selective cross-modal plasticity, an important
question remains unanswered that concerns the neural
mechanisms mediating such reorganization.

Initial suggestions come from the available animal
literature and indicate that, compared to changes in sub-
cortical connectivity, long-range cortico-cortical connec-
tions with preserved sensory cortices might play a crucial
role in the expression of cross-modal plasticity (for a
review, see Bavelier and Neville, 2002). More specifi-
cally, visual information might access the auditory-
deprived temporal cortex through either unmasking or
ingrowth of existing heteromodal synapses, as well as
via rewiring of new cortico-cortical connections. In deaf
animals, tracing studies have so far suggested that a
combination of both preserved heteromodal (e.g., audio-
visual) structural connections and minor functional reor-
ganization of cortico-cortical connectivity, prevalently at
the synaptic level, might support cross-modal reorganiza-
tion in early deafness (Barone et al., 2013; Butler et al.,
2017).

Only a few studies have addressed the role of
long-range cortico-cortical connections between audi-
tory and nonauditory regions, either at the structural or
at the functional level (as well as their relationship), in
deaf humans. Of the research groups specifically inves-
tigating selective cross-modal plasticity, Shiell et al.
(2014) and Bola et al. (2017) have both reported
increased functional connectivity between the reorga-
nized auditory regions in the STC and visual regions
in the calcarine (Shiell et al., 2014) and the dorsal
occipito-temporal (Bola et al., 2017) cortices that are typ-
ically engaged by visual motion processing and
perception of dynamic visual stimuli in hearing individ-
uals. In addition, we reported that increased functional
coupling between early visual regions (V2/V3) and the
reorganized “deaf” TVA was specifically associated
with face processing in deaf compared to hearing

individuals (Benetti et al., 2017). Functional connectiv-
ity, however, mostly describes patterns of temporal
statistical dependence between neural events (Friston,
2011), such as the cross-modal activation in the STC
and the visual responses in the occipital regions, but
it does not allow inferring any causal relationship
between them.

Benetti and colleagues contributed to elucidating this
open question by characterizing the directional flow of
information between visual regions responding to faces
and motion and the reorganized regions of the STC that
responded to the same visual stimulations in deaf indi-
viduals (Benetti et al., 2017, 2021). To this purpose,
dynamic causal modeling and the analysis of effective
connectivity—which refers explicitly to the influence
that a dynamic neural system exerts over another,
either at a synaptic or a population level (Friston,
2011)—were applied to the face- and motion-selective
cross-modal responses previously detected in deaf individ-
uals (Benetti et al., 2017, 2021). It was found that face-
selective activity in the right “deaf” TVAwas primarily
sustained by increased feed-forward effective connectiv-
ity from early extra-striate visual regions (Benetti et al.,
2017; Fig. 7.2A). Similarly, cross-modal recruitment of
the “deaf” right hPT in response to visual motion was
best explained by direct feed-forward visual inputs from
earlier visual regions and visual-motion selective regions
in the occipito-temporal cortex (Benetti et al., 2021;
Fig. 7.2B). Moreover, in both studies Benetti and col-
leagues demonstrated that the reorganized auditory
regions in STC/STS become part of the visual brain net-
works dedicated to face identity and visual motion
perception, respectively, and that their contributions
remarkably resemble those of the specialized visual
regions (i.e., FFA and hMT+/V5, respectively) in terms
of interregional dynamics within each respective system
(Fig. 7.2A, B). In a third study (Benetti et al., 2018), the
relationship between face-selective cross-modal recruit-
ment of the “deaf” TVA and potential reorganization of
underlying anatomical connections was also addressed,
given the evidence of direct white matter connections
between the TVA and FFA (Blank et al., 2011) and
between extra-striate visual and temporal auditory
regions (Beer et al., 2011) in humans. In this study, pre-
served macrostructural features of the anatomical connec-
tions between auditory and visual regionswere found to be
associated with face-selective cross-modal plasticity,
while microstructural indices of white matter integrity—
such as fractional anisotropy and radial diffusivity—were
marginally altered and might reflect subtle axonal atrophy
due to the lack of auditory stimulation (but see Benetti
et al., 2018, for a full interpretation).

The evidence reviewed above suggests that functional
reorganization of temporal regions, following early audi-
tory deprivation, builds on anatomical links with
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nonauditory regions that are mostly genetically predeter-
mined (Innocenti et al., 1988; Innocenti and Price, 2005)
and that might provide the neural substrate for feeding of
early visual information into the deafened temporal areas
(Benetti et al., 2018). This proposition is in line with the
observation, consistently reported by previous investiga-
tions of cortico-cortical connectivity in congenitally or
early deaf (ototoxically deafened<50 days of life) cats,
that newly formed projections from nonauditory regions
represent only a small portion of the cross-modal
inputs to the deprived auditory regions (Barone et al.,
2013; Chabot et al., 2015; Meredith et al., 2016; Butler
et al., 2017). Therefore, the emergence of functional
cross-modal plasticity might be mostly supported by
preserved heteromodal connections and only minor
reorganization of cortico-cortical connectivity in early
deafness (Barone et al., 2013; Butler et al., 2017;
Benetti et al., 2018).

CORTICAL MULTISENSORY
CONVERGENCE AND INTRINSIC
CONSTRAINTS OF CROSS-MODAL

PLASTICITY

Environmental events are usually detected by different
sensory systems almost simultaneously. However, in
order for multisensory integration to happen and yield
coherent percepts and behavioral responses, salient mul-
tisensory information must converge onto shared neural
populations for information from the different sensory
systems to influence one another (Stein and Meredith,

1993; Meredith, 2002). The initial dominant paradigm
assumed that unisensory information would be comp-
letely processed within specific sensory regions and
cortical pathways before the processed signals would
converge in polysensory cortical areas (Ungerleider
and Mishkin, 1982; Rauschecker and Tian, 2000).
Accordingly, it was suggested that the presence of
audio-visual signals in occipital or temporal regionswould
mostly rely on feedback projections from higher-level
multimodal areas (Driver and Spence, 2000; Soto-
Faraco and Kingstone, 2004). However, over the past
two decades, this view has been challenged by sub-
stantial evidence in favor of early auditory-visual
interactions, occurring as early as 50ms after stimulus
presentation, which cannot not be explained exclusively
by feedback from the polysensory cortical areas (Foxe
and Schroeder, 2005; Murray et al., 2005; Shams
et al., 2005; see also Ferraro et al., 2020, for a recent ste-
reotactic electroenchelography study). These observa-
tions led to the appreciation that early multisensory
interactions are much more pervasive than previously
assumed and may affect brain regions traditionally con-
sidered modality-specific (Ghazanfar and Schroeder,
2006).

In the STC, in particular, invasive recordings in
animals have reported multisensory responses in brain
regions classically considered modality-specific
(Schroeder and Foxe, 2002; Brosch et al., 2005;
Ghazanfar et al., 2005;Kayser et al., 2005 ; Lakatos
et al., 2007). For example, visual influences on the
secondary and even primary auditory cortex were

Fig. 7.2. Selective cross-modal reorganization of the “deaf” superior temporal cortex is best predicted by direct feed-forward

effective connectivity with early visual regions for both face (A) and visual motion (B) processing. I, input; V3 and V5 are sub-

regions of the occipito-temporal visual cortex; FFA, face fusiform area; PSTS, posterior superior temporal sulcus; TFA, temporal

face area; STC, superior temporal cortex; IPS, inferior parietal sulcus. Modified with permission from Benetti S, van Ackeren MJ,

Rabini G, Zonca J, Foa V, Baruffaldi F, Rezk M, Pavani F, Rossion B, Collignon O (2017). Functional selectivity for face proces-

sing in the temporal voice area of early deaf individuals. Proc Natl Acad Sci U S A 114: E6437–E6446. doi:10.1073/

pnas.1618287114; Benetti S, Zonca J, Ferrari A, RezkM, Rabini G, Collignon O (2021). Visual motion processing recruits regions

selective for auditory motion in early deaf individuals. Neuroimage 230. doi:10.1016/j.neuroimage.2021.117816.
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documented in nonhuman primates during voice proces-
sing (Ghazanfar et al., 2005; Perrodin et al., 2014), audi-
tory categorization (Brosch et al., 2005), and passive
listening (Schroeder and Foxe, 2002). Similarly, it has
also been observed that tactile stimuli can modulate
the response to auditory stimuli (Kayser et al., 2005;
Lakatos et al., 2007). In humans, the upper bank of
the STS and the posterior portion of the superior
temporal gyrus are known to respond to a range of
multisensory costimulations such as: low-level audio-
visual stimulation (Martuzzi et al., 2007; Ferraro et al.,
2020), audio-visual presentation of human-made tools
(Beauchamp et al., 2004), audio-visual speech pro-
cessing (Calvert et al., 1999, 2001; Miller and
D’Esposito, 2005), and face-voice processing during a
speaker’s recognition (von Kriegstein et al., 2005).

Assuming that early cross-modal interactions are the
rule and not the exception, it naturally follows to ask
what neural pathways could underlie their unfolding in
the human brain. Over the past two decades, insight into
early cross-modal interactions has been paralleled by the
overturning of another classical assumption: connectiv-
ity of early sensory areas would be restricted to areas
of the same sensory modality and, therefore, no direct
long-range connectivity would exist between sensory
regions (Jones and Powell, 1970). Indeed, mounting evi-
dence for cortico-cortical anatomical connectivity
among sensory cortical areas has been documented in
both animal and human connectivity studies, challenging
such earlier assumption. In nonhuman primates, mono-
synaptic connections from the primary auditory into
the primary visual cortex (Falchier et al., 2002;
Clavagnier et al., 2004), bidirectional fibers between
the auditory belt and primary visual areas (Rockland
and Ojima, 2003) as well as between the auditory belt
and somatosensory subregions (Hackett et al., 2007)
have been found. Consistently, tract-tracing studies in
mammals have revealed anatomical connections
between both early auditory and visual regions (Bizley
et al., 2007) and between auditory subregions and
somatosensory/olfactory regions. Further, anatomical
connections were also reported between the motion-
sensitive visual complex (i.e., MT+/V5) and secondary
auditory subregions in the caudal parabelt (Palmer and
Rosa, 2006) and middle lateral belt (Majka et al.,
2019), known to be sensitive to auditory motion in
nonhuman primates.

Initial and growing evidence of long-range ana-
tomical connectivity between early sensory regions in
humans has also become available thanks to modern
neuroimaging techniques, such as in vivo white matter
fiber-tracing based on diffusion-tensor imaging data
(Catani et al., 2002; Mori and van Zijl, 2002; Jones,
2008). Beer et al. (2011) investigated the existence of

white matter connections from Heschl’s gyrus and the
hPT to occipital and parietal regions and reported direct
long-range connections between the primary auditory
and visual cortex. The same year (Blank et al., 2011),
white matter connections were also characterized
between the face-selective area in the fusiform gyrus
and the TVA, which are both implicated in early
audio-visual interactions during the speaker’s recogni-
tion (von Kriegstein et al., 2005). Both these observa-
tions were subsequently replicated in both hearing and
early deaf individuals (Benetti et al., 2018). Recently,
Gurtubay-Antolin et al. (2021) further described, for
the first time, direct anatomical connections between
motion-selective regions in the human hMT+/V5 com-
plex and the hPT. Intriguingly, these findings naturally
follow and fit with the observation that the hMT+/V5
complex, a region classically considered as being
uniquely visual, also contains information about auditory
motion (Rezk et al., 2020). It is noteworthy that no con-
nection could be reconstructed between the hPT and the
FFA (Gurtubay-Antolin et al., 2021), supporting the
notion that the hMT+/V5-hPT connection might play a
key role in the emergence of functional selectivity for
visualmotion in the “deaf” hPT. Importantly, the anatom-
ical plausibility of the connections virtually character-
ized in these studies is supported by postmortem
dissection studies and tractography-based atlases that
have described themain anatomical pathways potentially
nesting such specific connections (Catani and Thiebaut
de Schotten, 2008).

Overall, the observations reported at the macrostruc-
tural level suggest that direct anatomical links between
sensory regions might provide the neural substrate not
only for feeding of nonauditory information in the
“deaf” temporal regions (Benetti et al., 2017, 2021),
but also for early multisensory interactions. The func-
tional specificity that is observed in the reconstruction
of white matter tracts connecting TVA-FFA and hMT+/
V5-hPT, based on functional responses for faces/voices
and auditory/visual motion, respectively, additionally
reinforces this hypothesis. We further propose that it is
precisely the existence of such innate anatomical
substrate that constrains the expression of selective
cross-modal plasticity in the STC of deaf individuals
by providing structural scaffolding for the expression
of functional reorganization according to organizational
principles, which might also have determined the
development of such intrinsic connections in the human
brain. For example, the existence of anatomical path-
ways linking visual and auditory regions implicated in
face and voice processing would constrain the func-
tional remapping of faces in the deprived temporal voice
area in contrast to other visual stimuli (e.g., houses;
see Benetti et al., 2017). We speculate that through
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evolutionary pressure for optimal convergence and inte-
gration of salient multisensory information (e.g., for
face-voice, see Sheehan and Nachman, 2014), phyloge-
netic and ontogenetic experiences might have favored
the development of anatomo-functional links between
regions in the auditory and other sensory systems that
are involved in the same computational function. For
instance, regions selective to faces, in the fusiform cor-
tex, and to voices, in the temporal cortex, would be
linked since those regions constantly exchange informa-
tion in order to integrate audio-visual information (e.g.,
on speech, identity, sex, and age) during social interac-
tion. Similarly, visual (hMT+/V5) and auditory (hPT)
motion-selective regions might link to each other to
exchange audio-visual information about the presence,
direction, and speed ofmoving objects. Such genetically
privileged functional connections might represent the
common substrate of both early multisensory integra-
tion and expression of selective cross-modal plasticity
in the STC. Normally, these connections might facilitate
the modulation of sensory-specific processing for the
main sensory modality in each of the connected areas
(e.g., boosting processing of visual motion in extra-
striate and occipito-temporal cortex, when the visual
event coincides with sudden approaching sounds).
However, if one sensory area becomes deprived of the
typical sensory input, as is the case in profound deaf-
ness, influences from the remaining sense might then
become selectively potentiated.

OUTSTANDING ISSUES AND
CONCLUDING REMARKS

An important challenge for the future is to further
elucidate the cellular mechanisms underlying and
constraining cross-modal selectivity in the reorganized
temporal auditory cortex, and more generally in
sensory-deprived brain regions. Recent findings in
animal studies appear to converge on the notion that
synaptic reorganization affects existing projections that
typically provide subthreshold cross-modal inputs to
the auditory regions (Butler et al., 2017; Kral et al.,
2017). However, whether such heteromodal connections
are strengthened as a result of local synaptic sprouting,
ingrowth of existing or unmasking of silent synapses,
or alterations in developmental synaptic pruning remains
mostly unanswered. Animal studies are, at present, the
more likely to provide initial insight into this issue.
For instance, Clemo et al. (2016, 2017) have documented
increases in the spine density of neurons in early and
high-order auditory regions in deaf cats. Nevertheless,
laminar high-resolution imaging in humans (Lawrence
et al., 2019) also offers a promising and exciting
possibility to investigate the synaptic contributions to

cross-modal plasticity and reorganization of cortico-
cortical connectivity in deafness, and more widely in
sensory deprivation.

A further intriguing issue for future research is the
characterization of the computational contributions
implemented in the reorganized temporal auditory
cortex: would reorganized auditory regions act as dupli-
cates of the nonauditory areas typically dedicated to
specific nonauditory functions? Further, how would
the strengthened computational role of reorganized audi-
tory regions impact on nonauditory regions subtending
the same nonauditory functions? Research from our
group (Benetti et al., 2017, 2021) suggests that the
reorganized auditory regions might implement computa-
tions on faces and visual motion that are temporally and
qualitatively similar to those implemented in the nonau-
ditory regions typically subtending these visual func-
tions. This observation is in line with an earlier EEG
study (Bottari et al., 2014) that revealed, in early deaf
individuals, the recruitment of auditory cortices for
visual change detection within the typical time window
reported for visual cortices. The same study also showed
a reduction of response within the visual cortex that
was paralleled by our finding (Benetti et al., 2021) of
enhanced visualmotion decoding in themotion-selective
hPT of the deaf and concomitant reduction of decoding
accuracy in hMT+/V5 compared to hearing individuals.
This initial evidence suggests that cross-modal reorgani-
zation, within brain systems typically dedicated to
multisensory functions, might support a large-scale real-
location of computational resources from spared nonau-
ditory to reorganized auditory regions.

Moreover, to what extent the age of onset of deafness
impacts on the expression of cross-modal plasticity, as
suggested by research on blindness, remains an open
question since, to the best of our knowledge, only one
study has specifically compared early and late-onset
deafness (Sadato et al., 2004). In the previous section,
we suggested that privileged links between auditory
and nonauditory regions may be nested in the temporal
cortex early during human brain development and might
remain particularly susceptible to functional reorganiza-
tion after auditory deprivation. In the absence of acoustic
information, it is plausible that the brain remains able to
reorganize itself, throughout developmental maturation,
by building on existing cross-modal inputs in the right
temporal regions. In support of our proposition, Sadato
et al. (2004) found cross-modal responses in the middle
STC of both early and late-onset deaf individuals com-
pared to hearing individuals. However, cross-modal
recruitment was modulated by deafness onset and early
deaf individuals showed the strongest reorganization in
this auditory area. Indeed, there are also a number of
studies showing cross-modal recruitment of temporal
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regions by vision in postlingually (age onset>age 6 and
after full acquisition of speech and language) deaf
people, who are also CI users (Rouger et al., 2012;
Strelnikov et al., 2013; Stropahl et al., 2015; Chen
et al., 2016). However, no decisive conclusion can be
drawn based on the existing cross-sectional studies
investigating early and late deaf individuals separately
and we advocate for the need for further research specif-
ically investigating the role of deafness onset.

Finally, a compelling translational issue that remains
highly debated concerns the relationship between cross-
modal recruitment of the temporal auditory cortex and
the outcome of auditory restoration with CIs. Early
investigations on this topic suggested that cross-modal
visual recruitment of the auditory cortex has a maladap-
tive effect on the ability to recovery auditory functions,
typically quantified as verbal language recovery/
development, after CI (Nishimura et al., 1999; Lee
et al., 2001, 2007; Giraud and Lee, 2007; Strelnikov
et al., 2013). Animal models of auditory restoration have
in part confirmed this hypothesis by suggesting that
cross-modal reorganization triggers a functional decou-
pling of bottom-up and top-down connections in the
auditory cortex, preventing subsequent full development
of the auditory system (Sharma et al., 2005; Kral, 2007,
2013). Accordingly, exposure to a sign language prior to
cochlear implantation has long been discouraged by
clinicians, as visual linguistic inputs are thought to facil-
itate the takeover of the auditory cortex and prevent the
proper recovery of audition. However, most of early
human studies (Lee et al., 2001, 2005, 2007; Giraud
and Lee, 2007) supporting the notion of maladaptive
cross-modal plasticity presented some methodological
issues. For instance, visual recruitment was mostly
inferred from resting-state activity and based on reported
sign-language use rather than on actual imaging of visual
processing. In addition, more recent studies have focused
only on late-onset deaf individuals (Doucet et al., 2006;
Rouger et al., 2012; Sandmann et al., 2012). Critically,
animal studies did not take into account that every spe-
cific function, or “functional unit” (e.g., speech, object/
voice recognition, spatial or motion perception), within
a cortical region has specific critical and sensitive periods
of development (Knudsen, 2004; Lewis and Maurer,
2005) that might be independent of critical periods for
the physiological development of the auditory system.
It might, therefore, be possible that a different sensory
modality than auditionmight trigger proper development
of such specific units and, in turn, pave the way for suc-
cessful recovery of these functions in the auditory
domain after CI (Hassanzadeh, 2012; for critical reviews,
see Heimler et al., 2014 and Lyness et al., 2013). This
suggestion opens an exciting prospect in which func-
tional selective cross-modal plasticity might be exploited

in integrated multisensory approaches to habilitation/
rehabilitation following CI intervention. Promising
observations appear to support this proposition by show-
ing that early exposure to multisensory training (e.g.,
sign- and spoken-language pairing, speech-reading,
and audio-visual speech training) substantially improved
the language CI outcome (Bergeson et al., 2005;
Strelnikov et al., 2011, 2015).

In conclusion, the main aim of this chapter was to
attempt a characterization of the impact of early sensory
deprivation on the STC, the extent and properties of
cross-modal plasticity and its relationship with early
multisensory processing in the brain, and to introduce
further research questions that also bear translational rel-
evance. The fields of cross-modal perception and plastic-
ity research have rapidly broadened since the first
attempt was made to answer the question of where and
how cross-modal plasticity occurs in the human brain
following early sensory deprivation (Bavelier and
Neville, 2002). First, it is now well established and
widely accepted that cross-modal reorganization does
not occur uniformly across the auditory regions deprived
of their preferred input, rather it appears to emerge in dis-
crete subregions of the auditory cortex and to involve
specific visual or somatosensory functions, as observed
for behavioral compensation or enhancement. Second,
selective cross-modal plasticity appears to follow organi-
zational principles that maintain the functional speciali-
zation of the colonized “deaf” temporal regions and
appears to emerge preferentially in conditions where
cross-modal convergence is typically most beneficial
in hearing individuals (Lomber et al., 2010; Collignon
et al., 2011; Dormal and Collignon, 2011). Third, func-
tional reorganization of temporal regions might build
on innate anatomical connections with nonauditory
regions that might provide the structural substrate for
feeding nonauditory information into the deafened tem-
poral areas (Benetti et al., 2018). Finally, we speculated
that such privileged connections might represent the
common substrate of both early multisensory integration
and expression of selective cross-modal plasticity in the
STC. These observations and our proposal provide an
enthralling illustration of how the brain handles cross-
modal perception and plasticity in the STC, with several
new principles emerging in addition to many new oppor-
tunities for future research.
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A1, primary auditory cortex; CI, cochlear implants; FFA,
fusiform face area; fMRI, functional magnetic resonance
imaging; hMT+/V5, human extrastriate visual areas sen-
sitive to motion; hPT, human Planum Temporale; LIS,
Italian sign language; MEG, magnetoencephalography;
PET, positron emission tomography; STC, superior tem-
poral cortex; STS, superior temporal sulcus; TMS,
transcranial magnetic stimulation; TVA, temporal
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