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Highlights

e Theories of crossmodal plasticity support either functional preservation or
functional change

e Evidence from the study of deafness provides valuable insights into this debate

e Physiological and anatomical mechanisms can support the co-existence of both
theories

Abstract

The study of deafness and blindness has contributed unique knowledge to our understanding of
the brain, showing that environmental experience critically shapes neural structure and function.
Nevertheless, the most prevalent theories of crossmodal plasticity propose opposed views about
the function of reorganised cortical regions. Some theories agree on functional preservation,
where in the absence of early sensory stimulation, cortical regions respond to a different sensory
modality, but perform the same function. Others propose that the absence of sensory stimulation
from birth results in cortical regions changing their “typical” sensory processing function to higher-
order cognition. Both deafness and blindness have provided vast evidence in support of each of
these theories. Here we use examples from the study of deafness to explore organisational
mechanisms that would allow functional preservation and functional change to co-exist either in
the same or adjacent regions. We provide a set of predictions and testable hypotheses that
support each of these accounts, and lay out some steps that will move us towards more specific
theories of cortical reorganisation.

Introduction

The study of deafness and blindness allows us to understand how the brain develops under
different environmental conditions. In these cases, the variation is not in the environment per se,



but in the types of sensory inputs that provide information about the environment. Understanding
reorganisation in congenital deafness and blindness provides fundamental insights into brain
function and its potential for change and enhancement, with important implications for the
development of sensorimotor substitution devices and neural prostheses, for the planning of
inclusive policies and for the design of better educational practices.

One of the most prominent questions on neural reorganisation concerns the function of sensory
cortices when the preferred sensory input is missing. Studies in deaf and blind individuals have
revealed significant reorganisation in sensory cortices as a consequence of sensory loss
(Rauschecker et al., 1995; Bavelier and Neville, 2002; Merabet and Pascual-Leone, 2010;
Ricciardi and Pietrini., 2011). In deaf individuals, the superior temporal cortex (STC), a region
typically considered auditory, responds to other sensory inputs, such as vision and touch (Finney
et al., 2001, 2003; MacSweeney et al., 2002; Fine et al., 2005; Auer et al., 2007, Emmorey et al.,
2011; Leonard et al., 2012, Bottari et al., 2014; Karns et al., 2012; Cardin et al., 2013). In blind
individuals, occipital regions usually involved in visual processing are activated by sound and
touch (Arno et al., 2001; Amedi et al., 2002, 2007; Gougoux et al, 2005; Poirier et al, 2006;
Collignon et al., 2007; Voss et al., 2008; Merabet et al., 2008). This type of reorganisation is
known as crossmodal plasticity, where brain regions that usually process sensory information
from a given modality adapt to process sensory information from a different modality (e.g.
Rauschecker, 1995, 2002; Merabet and Pascual-Leone, 2010).

Several studies of deafness and blindness in animals and humans propose that one of the
mechanisms of crossmodal plasticity is preservation of function, where cortical regions keep their
original function but adapt to respond to a different sensory input (Pascual-Leone et al., 2005;
Ricciardi et al., 2009; Lomber et al., 2010; Renier et al., 2013; Heimler et al., 2015). However,
research in humans has also shown that sensory deprived regions take on higher-order cognitive
functions such as working memory and language (Buchsbaum et al., 2005; Cardin et al., 2013;
Ding et al., 2015; Roder et al., 2000, 2002; Watkins et al., 2012; Bedny et al., 2011, 2012, 2015;
Bedny, 2017). Executive functions such as working memory are usually associated with activity
in frontoparietal brain regions involved in cognitive control (D’Esposito and Postle, 2015), whereas
the auditory and visual cortices are typically considered sensory regions. Thus, these findings
raise the possibility of a change of function from sensory processing to executive functions,
suggesting great malleability in the functional future of cortical areas. Researchers have referred
to these theories in different ways, but here we summarise them into two main theoretical
accounts, using a nomenclature that highlights function, the topic at the core of our discussion:

1. Functional Preservation: This theory proposes that after cross-modal reorganisation,
cortical regions preserve the function they previously had, but adapt to process a sensory
input in a different modality (Pascual-Leone et al., 2005; Ricciardi et al., 2009; Lomber et al.,
2010; Renier et al., 2013; Heimler et al., 2015). For example, regions of the brain that in
hearing cats are involved in sensory processing of auditory motion are involved in sensory
processing of visual motion in deaf cats (Lomber et al., 2010). In both cases the function is
the same -- motion -- but the modality of the input is different. This preservation is also
observed for higher cognitive functions such as language, where superior temporal regions
involved in speech processing in hearing individuals are recruited for sign language
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processing in deaf individuals, but not in hearing native signers (MacSweeney et al., 2002;
Cardin et al., 2013, 2016a; Twomey et al., 2017).

2. Functional Change: This theory proposes a change in both the function of the cortex and
the sensory modality to which it responds (see Bedny 2017 for a review). For example,
auditory sensory areas in hearing individuals respond to visual working memory in deaf
individuals (Buchsbaum et al., 2005; Cardin et al., 2013; Ding et al., 2015), and visual occipital
regions are involved in language processing in blindness (Réder et al., 2000, 2002; Watkins
et al., 2012; Bedny et al., 2011, 2012, 2015; Bedny, 2017).

It has been challenging to converge these findings on a single theory because there is extensive
experimental evidence supporting both functional preservation and functional change. In fact, in
some cases, there is evidence supporting preservation and change in the same cortical region.
In this review, we use examples from the study of deafness to discuss mechanisms that could
explain evidence supporting both accounts in the same or adjacent cortical regions. We will start
with a summary of the evidence from deafness and blindness supporting each theory, and then
describe two specific examples from the study of deafness that provide evidence in support of
preservation and change of function in the same portion of the posterior Superior Temporal Cortex
(STC). We first concentrate on the left pSTC, exploring the physiological and anatomical changes
that could explain both language and working memory effects. We then move onto considering
whether a single functional reorganisation theory could explain both effects. In the last section,
we use the right pSTC as an example to discuss whether effects are arising from independent
but adjacent cortical regions. Our aim is to reconcile findings that may initially seem contradictory,
and provide a theoretical framework with testable hypotheses for future research.

Evidence for functional preservation

Theories of functional preservation propose that crossmodal reorganisation results from cortical
regions preserving the function they would usually have, but adapting to processing a different
sensory modality (Amedi et al., 2002; Pascual-Leone et al., 2005; Ricciardi et al., 2009; Lomber
etal., 2010; Renier et al., 2013; Heimler et al., 2015). In some accounts of this theory, researchers
propose that crossmodal plasticity is a product of the brain being organised into processing
modules that perform a specific computation, regardless of the modality of the sensory input. They
propose that regional preferences for a certain sensory modality in sighted and hearing individuals
are due to better suitability of such modality for the computation the region performs (Pascual-
Leone et al., 2005; Reich et al., 2011; Renier et al., 2013), and not necessarily due to pre-
determined wiring to sensory organs.

Both deafness and blindness have provided compelling evidence supporting functional
preservation (MacSweeney et al., 2002; Poirier et al., 2006; Capek et al., 2010; Lomber et al.,
2010; Cardin et al., 2013; Striem-Amit et al., 2015; Bola et al., 2017; Benetti et al., 2017, 2018).
One of the clearest examples of functional preservation comes from the study of deafness in cats.
Lomber et al. (2010) causally demonstrated that cortical auditory regions that had a role in sound
localisation in hearing cats were involved in the localisation of visual stimuli in deaf cats.
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Furthermore, these additional cortical resources conferred deaf cats with behavioural visual
advantages over hearing animals. Studies in humans have also suggest a functional preservation
in the deaf auditory cortex — regions processing voice identity and auditory rhythm in hearing
individuals are involved respectively in face (Benetti et al., 2017; 2018) and visual rhythm
processing in deaf individuals (Bola et al., 2018). For higher-order functions, regions involved in
spoken language processing in hearing speakers are recruited for audiovisual language
processing in deaf individuals (Neville et al., 1998; Emmorey et al., 2003, 2007; Horwitz et al.,
2003; MacSweeney et al., 2002, 2008; Capek et al., 2010; Cardin et al., 2013; Twomey et al.,
2017). Indeed, regions processing spoken language in hearing individuals maintain their specific
role in phonological, semantic and syntactic processing in deaf individuals, either for
speechreading (lipreading) or sign language (see Corina and Knapp, 2006; MacSweeney et al.,
2008; Campbell and MacSweeney, 2012). In some cases, these are language regions that
respond to sign and spoken language also in hearing individuals, suggesting a supramodal
language network. Nevertheless, for more anterior auditory regions in the superior temporal
cortex, the evidence shows activation in these areas for sign language processing in deaf signers,
but not in hearing native signers (Stderfeldt et al., 1994; MacSweeney et al., 2002; Cardin et al.,
2013; Emmorey et al, 2014; Twomey et al., 2017).

The study of the visual cortex of congenitally blind individuals has also provided evidence in
support of functional preservation. A region in the left ventral occipito-temporal cortex of blind
individuals, which in sighted individuals is more responsive to visually-presented letters than to
other visual object categories (Cohen and Dehaene, 2004), responds more strongly to letters
presented either in Braille (Sadato et al., 1996; Burton et al., 2002) or in the auditory modality by
means of a sensory substitution algorithm (Striem-Amit et al., 2012). Functional preservation for
spatial processing has also been shown in the visual cortex of the congenitally blind, where
occipital regions were activated during an auditory- or tactile- spatial processing tasks in a
congenitally blind group (Reiner et al., 2010; Collignon et al., 2011). These regions are typically
involved in visuospatial- and motion-processing in sighted individuals. Functional preservation
has also been demonstrated for category selectivity in the ventral-temporal cortex in early blind
adults (Pietrini et al., 2004; Van den Hurk et al., 2017). In blind individuals, the patterns of neural
activity for tactile or auditory face-, body-, scene-, and object-related stimuli is similar and could
predict the response patterns for the same categories in the visual modality in sighted individuals.

Evidence for functional change

Functional change theories propose not only a change in the sensory modality recruiting a
sensory deprived cortex, but fundamentally a change in the underlying function of this region (Uhl
etal., 1991; Sadato et al., 1996, Cohen et al., 1997; Roder et al., 2002; Bedny et al., 2011; Burton
et al, 2012; Lane et al., 2015; Bedny, 2017). In the case of deafness, evidence supporting this
theory comes from the study of working memory in humans, where typically auditory regions are
recruited for visual working memory tasks (Buchsbaum et al., 2005; Ding et al., 2015; Cardin et
al., 2018). Sensory regions, such as the auditory cortex of hearing individuals, usually store
information in working memory and are fundamental components in sensorimotor theories of
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working memory (D’Esposito and Postle, 2015). However, the effects found in deaf individuals
seem to reflect a role beyond sensory storage, which had led to the proposal that this region is
involved in higher-order cognitive control. Studies have shown enhanced functional connectivity
in deaf individuals between STC regions recruited for working memory and frontoparietal regions
(Ding et al., 2016; Cardin et al.,, 2018). There is also a correlation between behavioural
performance and STC recruitment during a working memory task (Ding et al., 2015). Performance
on working memory tasks also correlates with the strength of resting-state functional connectivity
between STC and frontoparietal regions (Ding et al., 2016). In addition, hearing and deaf
individuals have different profiles of activity in frontoparietal areas during working memory tasks,
pointing to a network-wide reorganisation of working memory functions in deaf individuals (Cardin
et al., 2018). Working memory is usually associated with activity in frontoparietal brain regions
involved in cognitive control, whereas the auditory cortex is typically considered a sensory region.
In other words, findings from the study of working memory suggest the possibility of a significant
change of function, from sensory processing to executive functions in the auditory cortices of deaf
individuals.

Human congenital deafness provides a unique approach to the study of plasticity effects, given
that several factors contribute to brain reorganisation in deaf individuals. These include lack of
sensory inputs, but also the acquisition of language in the visual domain, and in many cases a
delay in language acquisition (Lyness et al., 2013). As such, when studying deafness, it is
essential to ensure that the observed effects are not due to language delay or language
processing, in particular when looking at superior temporal regions involved in auditory and
speech processing in hearing individuals. The study by Cardin et al. (2018) controlled those
variables by comparing deaf and hearing native signers, and by using linguistic and non-linguistic
stimuli that did not differ in their component visual features. They observed recruitment of pSTC
for working memory only in deaf individuals (and not in the control group of hearing native
signers), independently of the linguistic content of the stimuli and the sign language knowledge
of the participants. These findings excluded the possibility of language effects confounding the
working memory results and provided support for a functional change towards higher-order
cognitive processing in a region typically linked to sensory processing.

Evidence from the study of blindness also support a functional change. The occipital cortex, which
is usually involved in visual processing, is selectively recruited for functions such as working
memory in blind individuals (Amedi et al., 2003; Bonino et al., 2008; Park et al., 2011; Rimmele
et al., 2019), maths (Kanjlia et al., 2016) and language (Rdder et al., 2002; Amedi et al., 2004;
Bedny et al., 2011; Watkins et al., 2012). These effects are not found in sighted individuals. These
findings are not related to low-level sensory processing, given that: a) responses to spoken
language in the blind occipital cortices are modulated by the grammatical and semantic properties
of linguistic stimuli (Réder et al., 2002; Bedny et al., 2011); b) repetitive TMS applied to the
occipital lobe in blind individuals interferes with semantic processing (Amedi et al., 2004); c)
working memory effects cannot be attributed to sensory imagery (Watkins et al.,, 2012).
Furthermore, the functional profile of visual areas of blind individuals mirrors the responses of
classical language regions, suggesting again a functional change in the crossmodally reorganised
cortex (Bedny et al., 2011, 2012)
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Functional preservation and functional change in the same cortical region: the case of the
deaf posterior Superior Temporal Cortex

The evidence summarised above suggests that crossmodal plasticity does not follow a single
rule. It is likely that different brain regions undergo functional change or functional preservation
depending on the weight and utility of outputs and inputs they receive, and the computations that
are possible in such regions. Nonetheless, there are situations in which evidence for both these
phenomena have been found in the same cortical area (Reich et al., 2011; Striem-Amit et al.,
2012; Cardin et al., 2013, 2018; Kim et al., 2017). Here we will discuss one such example from
the study of deafness: the posterior Superior Temporal Cortex (pSTC). This region has been
shown to have a role in language processing, which at least in the left hemisphere supports
preservation of function, but has also been shown to have a role in working memory, which
suggests functional change.

Language processing has been functionally assigned to the STC of deaf individuals in several
studies of sign language and lipreading (Emmorey and Corina, 1993; Bavelier et al., 1998;
MacSweeney et al., 2002, 2004; Emmorey et al, 2003; Capek et al., 2008, 2010; Emmorey et al.,
2013; Pénicaud et al., 2013; Cardin et al., 2013; Campbell et al., 2014; Twomey et al., 2017).
Here we will use the study by Cardin et al. (2013) as a working example. In this study, the authors
dissociated plasticity effects due to language processing from more general visuo-spatial
processing effects. To achieve this, Cardin et al. (2013) conducted an fMRI experiment in which
sign language stimuli were shown to three different groups: 1) deaf native signers; 2) deaf non-
signers (English speakers) and 3) hearing non-signers. Participants’ task was to press a button
when they saw a sign that was produced in a cued location or when the sign contained a cued
handshape. This task could be performed by both signers and nonsigners, but for signers it was
the equivalent of a phoneme-monitoring task, and it tapped into processes underlying sign
language comprehension. The rationale of this study was that any plasticity effect that reflected
general visuo-spatial processing will be a consequence of deafness per se (lack of auditory
inputs) and will be present in both groups of deaf participants, but not in the group of hearing non-
signers. On the other hand, a plasticity effect that reflected language processing will be found
only in deaf signers. Plasticity effects associated with sign language processing were found in
deaf signers both in the left and right STC (Fig. 1), and only when stimuli had linguistic content.
Specifically, in the left STC, a region that is involved in auditory speech and language processing
in hearing individuals, plasticity effects were mainly associated with sign language processing.
This finding suggested that after plastic reorganisation cortical regions develop their typical
function, in this case language, but adapt to a different type of sensory input, not only to aid
perception (Lomber et al., 2010), but also for higher-order cognitive functions (Cardin et al., 2018).

In contrast, a different study also in deaf individuals provides support for functional change in the
left pSTC. Cardin et al. (2018) showed that pSTC is recruited for visual working memory in deaf
individuals. In this study, the authors were interested in understanding the neural networks
involved in linguistic and non-linguistic working memory in deaf individuals. Previously, when
studies addressed this question, stimuli in the linguistic and non-linguistic conditions differed
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considerably in their component sensory features (see Rudner et al., (2009) for a review). To
avoid this issue and results driven by low-level sensory properties, Cardin et al. (2018) used point-
light displays of British Sign Language signs (linguistic) or of moving non-sense objects (non-
linguistic). Results showed recruitment of bilateral pSTC for working memory, but only in deaf
participants. Because of the previous findings allocating language processing to pSTC, this effect
was expected for the condition with linguistic content, but a working memory effect was observed
with both types of stimuli, linguistic and non-linguistic. Thus, the effect seemed to be related to
working memory per se, and not to the linguistic processing of the stimuli.

Both these studies, one of language and one of working memory, showed recruitment of pSTC in
deaf individuals. As can be seen in Fig. 1, there is considerable overlap in the location of such
effects in pSTC, with the language effect extending more anteriorly in the STC. Nonetheless, both
studies demonstrated the specificity of the observed effects - the effect of language in Cardin et
al. (2013) was only present in deaf signers, the only group that had access to the linguistic content
of the stimuli; in Cardin et al. (2018) the effect of working memory was only found in the group of
deaf individuals and only during the working memory task, not during the control condition, which
excludes an effect of deafness on general visuospatial processing. Furthermore, the tasks that
participants performed in each study were very different. The task used for the working memory
effect is a demanding 2-back task on videos of point light displays. In the experiment showing a
language effect, participants performed a monitoring task, that did not have a strong working
memory component. In both cases, effects of task demands were eliminated by comparing
activations across groups. Properties of the stimuli were also very different between both studies,
as one used point-light displays and the other used videos of a person signing. In summary,
activation in left pSTC in these studies cannot be explained by similarities in the composition and
demands of the tasks between both studies.

What is compelling about these findings is that the language effect supports preservation of
function, whereas the working memory effect suggests the possibility of a functional change. In
the following section, we discuss neurophysiological processes that could explain both effects,
including mechanisms by which both effects could co-exist, or by which a single process or theory
can explain both effects.
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Fig. 1. Language and working memory effects in the Superior Temporal Cortex of deaf individuals. Language
effect: regions that were more active during a phoneme monitoring task only in deaf native signers, but not in deaf non-
signers or in hearing controls (results from Cardin et al., 2013). Working memory effect: regions that were more active
for working memory only in deaf individuals (results from Cardin et al., 2018). Both effects displayed at p < .001
(language) and p < .005 (working memory) for visualisation purposes, but all peaks or clusters significant at p < .05,
FWE.

Anatomical and physiological substrates for functional preservation and functional
change

When discussing the anatomical and physiological mechanisms that could support functional
preservation and functional change, it is important to consider certain anatomical and technical
constraints. It is known that only a few new neuronal projections are found in crossmodally
reorganised areas (Barone et al., 2013; Meredith et al., 2016; Meredith and Lomber, 2017). As
such, plasticity likely arises from local and opportunistic changes such as unmasking of silent
inputs, lack of pruning during development, and sprouting or extension of connections from
neighbouring regions (see for a review Rauschecker, 1995). This is a constraint for both theories,
functional change and functional preservation.

In addition, there are differences in the neuronal composition and physiology of primary and
higher-order deaf auditory cortices. Even though plasticity has been shown in primary auditory
cortex (e.g. Karns et al., 2012), crossmodal plasticity has been more consistently observed in
higher-order areas (see for a review Kral 2007; Butler and Lomber 2013), in particular for visual
cross-modal plasticity (Steward and Starr, 1970; Kral et al., 2003; Yusuf et al., 2017; Cardin et
al., 2013, 2016b). Therefore, we will concentrate on evidence from animal and human studies in
higher-order auditory areas, so that we can better understand the mechanisms of reorganisation
in human pSTC.
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Lastly, the working examples discussed, and much of the evidence supporting different theories
of plasticity in humans, have come from fMRI studies. BOLD fMRI measures haemodynamic
changes reflected in the blood-oxygen-level-dependent (BOLD) signal, which can be used as an
index of neural activity. The neural composition of the BOLD signal is complex, reflecting the firing
of cortical neurons (Mukamel et al., 2005; Lee et al., 2010), but also local processing which may
not produce changes in spiking, such as presynaptic activity, neuromodulation and changes in
the excitation-inhibition balance of a cortical region (Logothetis, 2008). As such, two fMRI found
in the same cortical region will not necessarily reflect the same physiological events.

Keeping this in mind, what sort of physiological and anatomical mechanisms could give rise to
preservation and change in the same cortical region? One way in which both effects could be
located in the same area is through reflecting activity in different populations of neurons. For
example, the dorsal zone (DZ) of the cat’s auditory cortex, which has a role in visual motion
detection in deaf cats (Lomber et al., 2010), contains cells that respond to auditory inputs (when
these inputs are restored), as well as an increased number of cells responding to visual
stimulation (Land et al., 2016). Whereas the number of auditory-responsive neurons is the same
in deaf and hearing animals, a significant amount of visually-responsive neurons is only found in
deaf cats. Visually- and auditory- responsive neurons were part of two different populations with
different latencies and electrophysiological profiles (Land et al., 2016). The deaf human pSTC
does not necessarily have the same populations of neurons that are found in the cat's DZ, but
these results clearly demonstrate different populations of neurons in the deaf secondary auditory
cortex, which could give rise to different functional effects.

Different effects could also reflect presynaptic inputs from different cortical areas. These
presynaptic inputs will elicit local processing and will be reflected in the BOLD signal, but will not
necessarily result in spiking. Inputs to neurons showing crossmodal responses are likely to
originate from ectopic projections from visual, somatosensory and multimodal brain regions
(Barone et al., 2013; Butler et al., 2017). A small number of such projections from the same non-
auditory regions are also found in the same areas in hearing individuals (Meredith and Lomber,
2011), in agreement with crossmodal plasticity being a consequence of unmasked connections
or extension of pre-existing or neighboring projections. We could only assume that a similar
increase in ectopic connections will be found in humans, arising from cortico-cortical connections
that are already present in the same or neighboring regions. In support of this, MEG/EEG studies
show that visual responses only arise in the human STC in a late time window, suggesting that
inputs to this region also originate from other cortical areas (Neville and Lawson, 1987; Finney et
al., 2003; Bottari et al., 2014), and not from subcortical sensory processing (Leonard et al., 2012).
A variety of cortico-cortical projections connect the human pSTC to visual and frontoparietal
areas, and could differentially mediate functional preservation and a functional change towards
higher-order cognitive functions. For example, the Middle Longitudinal Lateral Fasciculus
connects pSTC with higher-order visual and multisensory areas (Makris et al., 2017). On the other
hand, portions of this tract, together with the Arcuate Fasciculus, connect superior temporal
regions to parietal and frontal areas involved in motor and higher-order cognitive functions such
as language and working memory (Catani et al., 2005; Rilling et al., 2008; Makris et al., 2017).
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There are also differences in the cytoarchitecture of the deafened auditory cortex that could
explain different effects in the same region. The mammalian cerebral cortex has a structured
composition of six well-defined cytoarchitectonic layers (Rockland and Pandya, 1979, 1981). This
anatomical organisation gives rise to top-down, bottom-up and local processing, with distinct
computations being performed in each layer (Rockland and Pandya, 1979, 1981; Sallin and
Bullier, 1995). In a study in which the laminar organisation of the auditory cortex was compared
between deaf and hearing cats, Berger et al. (2017) found that layer 4 and infragranular layers
are thinner in deaf cats, both in area DZ (secondary auditory) and Al (primary auditory), with no
difference in thickness in supragranular layers. This is not surprising, as layer 4 and infragranular
layers are the ones receiving stronger auditory inputs from the thalamus and earlier auditory
regions (Sakata and Harris, 2009), and in cases of deafness these inputs are not present or very
significantly reduced. Infragranular layers send feedback projections to earlier cortical and
subcortical regions, which suggest that feedback loops might also be compromised (Butler and
Lomber, 2013). Berger et al. (2017) suggest that “to allow the differential dystrophic effects
between these layers, the coupling of supragranular to infragranular layers must be abnormal in
congenital deafness”. This is interesting, because perhaps this “abnormal” coupling is what allows
for a functional change in the auditory cortex, or for different functions in supragranular and
infragranular layers. In support of the latter, it is known that cortical layers can perform different
computations, and that neuronal networks simulations have shown supragranular and
infragranular layers can have different functions (Rolls and Mills, 2017). This could be achieved
by superficial layers operating as a discrete attractor network useful for categorisation and feeding
information forward up the cortical hierarchy, whereas the deep layers could operate as a
continuous attractor network useful for providing a spatially and temporally smooth output to
output systems in the brain (Rolls and Mills, 2017). Specifically, Rolls and Mills (2017) suggest
that the more continuous representations in deep cortical layers could be useful in functions such
as language production, facilitating a smooth transition between different motor outputs. This is a
compelling possibility, where perhaps supragranular layers of pSTC contribute information to
working memory storage and infragranular layers to outputs such as language production. This
is a testable hypothesis with current advances in high spatial resolution laminar fMRI (Lawrence
et al., 2017).

A compelling observation from the studies described so far is that, in deafness, a preserved
cortical physiology and architecture in auditory areas is not needed to effectively influence
behaviour in other sensory modalities. We conclude this from the fact that area DZ contributes to
visual perception, providing deaf cats with behavioral advantages in visual motion detection
(Lomber et al., 2010), even though: a) its cortical composition and columnar dynamics are altered,
and 2) the number of cells with visual crossmodal responses is small, with most neurons in DZ
responding to restored visual stimulation. The fact that most neurons preserve their capability to
respond to auditory stimuli after a life of deafness is striking - what is the function of these neurons
when auditory inputs are not restored? It is possible that they respond to somatosensory
stimulation, but somatosensory projections to DZ are scarce (Kok and Lomber, 2017) and the
neuronal response to somatosensory stimulation is significantly smaller than the visual response
(Meredith and Lomber, 2017). Another possibility is that if regions were to change function, these
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auditory-responsive neurons could be the candidates to support higher-order functions. It is
possible to speculate that in the absence of the strong auditory input that usually drives this region,
projections from frontal and parietal areas might drive activity in secondary auditory areas, and
dramatically alter the columnar physiology. This is more likely to be the case in humans, where in
comparison to other primate species white-matter volume in the frontal and temporal lobes, as
well as white matter projections between frontal and temporal areas, are significantly increased
(Schoenemann, 2006; Rilling et al., 2011).

Assuming similar physiological and anatomical changes in the auditory cortex of deaf humans
and animals, it seems that secondary auditory cortices contribute to functions such as working
memory and language even though the columnar physiology and auditory cortico-cortical
interactions are altered. Understanding laminar computations during working memory and
language in hearing individuals can aid us in explaining patterns of reorganisation in deaf
individuals. A few studies using high-resolution fMRI in humans have started to investigate
laminar physiology in humans (Lawrence et al., 2017), but most of the evidence comes from
animal models. We cannot address questions about language with invasive techniques in animal
models, but we do have knowledge of the cortical laminar dynamics that support working memory
(Bastos et al., 2018; Markowitz et al., 2015). In frontal regions, gamma power (50—250 Hz) activity,
which is strongest in superficial layers, has been associated with sensory information held in
working memory (Howard et al., 2003; Roux et al., 2012; Markowitz et al., 2015; Bastos et al.,
2018), correlating with the number of objects stored in working memory (Howard et al., 2003;
Roux et al., 2012). The alpha/beta band (4—-22 Hz), which is strongest in deep layers (Bastos et
al., 2018), has been associated with top-down information (e.g., task rules) and with inhibitory
functions. Authors found that local field potentials (LFPs) from superficial and deep layers were
synchronized in the alpha/beta band, with deep layers regulating activity in the superficial layers
and hence the maintenance of the contents of WM.

In early sensory areas such as the primary visual cortex, item-specific working memory traces are
reflected in activity in supragranular layers and infragranular layer 5, but not in layer 4 (Lawrence
et al., 2017). This item-specific activity disappears when there is other incoming sensory
information such as a visual mask, but is reinstated when the mask is gone, consistent with top-
down inputs sustaining this pattern of activity (Lawrence et al., 2017; Van Kerkoerle et al., 2017).
Beyond V1, working-memory-related activity is present at all depths in V2 and V3 (Lawrence et
al., 2017).

It is not clear what the contribution to working memory is of regions such as pSTC, both in hearing
and deaf individuals. If the profile of activity during working memory in pSTC is similar to that
observed in sensory areas such as V2/V3, then pSTC is likely to have preserved its function and
its recruitment during working memory is likely to reflect the storage of sensory information.
Alternatively, the composition and dynamics of pSTC could change to emulate frontal cortices
involved in working memory control, which will support functional change and the idea that
sensory regions take on higher-order functions as a consequence of sensory absence. The first
step in order to answer this question is to understand further the role of pSTC in auditory working
memory in hearing individuals, characterising the dynamics and representation of information in
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this region, to then compare this to the representations observed in the crossmodally reorganised
pSTC of deaf individuals.

Different effects may reflect the same underlying function

Working memory and language findings in the deaf pSTC could be easily explained if both effects
were a manifestation of the same underlying function. The most parsimonious interpretation for
our present examples is that they both reflect either language or working memory activity.

We start by considering whether the working memory effects observed by Cardin et al. (2018)
could be explained by labeling or phonological coding of the stimuli, which is a common strategy
in working memory tasks (Hicks, 1980; Palmer, 2000). In Cardin et al. (2018), the effect of working
memory was observed both in the linguistic and the non-linguistic conditions. The non-linguistic
stimuli did not have pre-existing labels, but participants could have created labels on the go, with
activations in pSTC reflecting language processing or rehearsal in both conditions. If this was the
case, it will be expected that all participants, deaf and hearing, would use this strategy to perform
the task. Either hearing native signers could have used sign language to label the stimuli, or any
of the hearing groups could have used spoken language to label the stimuli. In any such cases,
activation of pSTC should have been found if this was linked to labeling or vocalisation; neither of
these effects was found. Furthermore, recruitment of pSTC for working memory in deaf individuals
has also been observed in other studies of working memory that use pure visuospatial displays
(Ding et al., 2015, Manini et al., 2019), for which labeling is not a useful strategy, supporting the
argument that this effect is independent of language processing.

The evidence summarised above suggests it unlikely that working memory effects could be
explained as language processing. But what about the reverse situation, could the language
effects be explained as working memory? The task used in Cardin et al. (2013) did not have a
strong working memory component, deeming this explanation unlikely.

Finally, the observed effects in pSTC could be a common function that subserves both WM and
language. This notion is supported by studies of auditory working memory and speech processing
in hearing individuals and stroke patients. Previous studies in hearing individuals have shown the
involvement of pSTC in language and auditory working memory (Hickok et al., 2003; Leff et al.,
2009; Koenigs et al., 2011; Kumar et al., 2016). Hickok et al. (2003) conducted a study in which
participants had to listen and covertly rehearse non-sense speech sentences or melodic tonal
seqguences. Their results showed recruitment of posterior temporal regions during perception and
rehearsal of both types of stimuli, speech and music. Because of the recruitment during the music
condition, the authors excluded an explanation related only to phonological storage. Leff et al.
(2009) used voxel-based morphometry in 210 structural scans from stroke patients and identified
that the structural integrity of the left pSTC is necessary for spoken sentence comprehension and
auditory short-term memory. Damage to this region did not affect auditory word and non-word
repetition, highlighting that the effect was specific to working memory and language, and not a
general auditory processing deficit. These findings suggested a shared substrate for auditory
short-memory and speech comprehension, or for a common function that supports both. Findings
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from Koenigs et al. (2011) also supported this account, showing that patients with damage to the
inferior frontal and posterior temporal areas were impaired on digit span, as well as on tests
requiring the production and comprehension of language.

It is possible that the role of pSTC in hearing individuals could be a domain-general cognitive
control mechanism used for language and working memory. Supporting this account, tasks with
increased difficulty tend to elicit higher activations in left pSTC (e.g. Twomey et al., 2017; Cardin
et al., 2018). As such, it is expected that areas involved in control will be recruited to a greater
extent with increased difficulty. Furthermore, the involvement of this region in cognitive control in
the visual domain in deaf individuals could be a remnant of the connections that are pruned during
development -- a study comparing brain activations during cognitive control tasks in children and
adults showed that children, but no adults, activate a region in the left pSTC when they
successfully inhibit a response or when they suppress interference (Bunge et al., 2002). Children
also recruited frontal regions to a lesser extent or not at all, showing a developmental shift from
posterior to anterior brain regions involved in cognitive control, and towards more successful
control. Thus, it is possible that in the absence of auditory inputs reaching the STC during
development, the role of that region in cognitive control persists through adulthood or that it is
enhanced.

Whether a common function reflects preservation or change depends on the role of pSTC in
hearing individuals. If pSTC is involved in cognitive control in deaf individuals, it seems to be at
least a change from the function it has in hearing adults, but it could be a preservation of the role
it had during development. This poses the question of whether functional change effects observed
in blind individuals also reflect the preservation of roles visual cortices have during development,
before full maturation of the adult brain.

Functional preservation and functional change may co-exist in adjacent, but distinct
anatomical locations

Most of the evidence from humans discussed so far, and our two working examples, are fMRI
results from group averages. However, it could be the case that an effect which seems to originate
from the same cortical region, arises indeed from adjacent regions and merges into a single
activation when smoothing and averaging is performed across participants. Plasticity effects in
the right pSTC of deaf individuals can clearly exemplify why this is a potential issue in the study
of deafness. Many fMRI studies in humans use univariate analyses to study crossmodal plasticity.
In such studies, functional plasticity is often inferred from an increase in the amplitude of brain
activity to visual or somatosensory stimulation in deaf individuals, compared to hearing individuals
([Deaf > Hearing]). Using univariate analyses and fMRI, the right pSTC has been consistently
shown to undergo functional plasticity in deaf individuals across a variety of tasks, stimuli, and
sensory modalities (Fig. 2). This evidence includes studies using visual stimulation as well as
somatosensory stimulation, studies using simple stimuli such as moving dots or complex stimuli
such as sign language, and studies with low-level perceptual tasks as well as more difficult
working memory tasks (Fine et al., 2005; Emmorey et al., 2011; Karns et al., 2012; Cardin et al.,
2013; Twomey et al., 2017; Bola et al., 2017; Benetti et al., 2018; Cardin et al., 2018). This broad
plasticity effect is located in the right pSTC, but it is not found in other typically auditory regions.
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(As discussed above, crossmodal plasticity effects in the left pSTC are specific for working
memory and language, but not for lower-level visuospatial tasks; Emmorey et al., 2011; Cardin et
al., 2013, 2018; Twomey et al., 2017).

What do this task flexibility and overlap of visual and somatosensory responses in right pSTC
mean for the mechanisms of plasticity? They suggest a role either in multisensory processing or
in a higher cognitive function across sensory modalities, such as reorientation of attention. These
proposed roles have been associated with adjoining temporo-parietal junction (TPJ) and posterior
temporal multisensory regions (Geng et al., 2011; Beauchamp et al., 2008; Corbetta et al., 2008)
(Fig. 2), providing a possible mechanism for plasticity based on anatomical vicinity. Furthermore,
activity in right pSTC correlates with performance in a visual attention task in deaf and hearing
individuals (Seymour et al., 2017), suggesting that this region may indeed have a role in attention
in both populations. Despite the likelihood of a higher-order function for the reorganised right
pSTC, plasticity in this region has often been associated with crossmodal responses and
functional preservation (Benetti et al., 2017; Bola et al., 2017). For example, it has been suggested
that the same region that is involved in processing voice identity and auditory rhythm in hearing
individuals is involved in face processing (Benetti et al., 2017) and visual rhythm perception in
deaf individuals (Bola et al., 2017). Thus, research so far suggests several possibilities for the
mechanism of plasticity in right pSTC:

* pSTC changes its function from auditory processing to higher-order attentional processing,
supporting a functional change

» pSTC preserves its function but responds to other modalities, which supports functional
preservation

» The region usually identified as pSTC is part of multisensory temporal regions or TPJ, but with
stronger responses to vision and touch due to the loss of auditory inputs. This also indicates a
functional preservation, but in a region that is also strongly multisensory in hearing individuals.

Because of the close vicinity between TPJ, posterior multisensory regions and other temporal
areas typically considered auditory, it is possible that different plasticity mechanisms are mixed
and averaged across adjacent anatomical regions in whole-brain group studies (Fig. 2). Future
studies contrasting these different tasks and hypotheses, but also looking at the distribution of
effects in a subject by subject basis, should provide answers to this.
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Fig. 2. Schematic representation of right pSTC and neighbouring regions. The extent, location and shape of each
of these regions is different from participant to participant. Group averages are then likely to result in overlapped
activations from adjacent regions.

Can the same principles be applied to the study of blindness?

A detailed review of the literature on blindness is beyond the scope of this review, but it is
important to consider whether the accounts discussed above can also explain potentially
contradicting results in the literature on crossmodal plasticity in the blind brain. Evidence for
functional change and functional preservation in the same region in blind individuals has been
reported in the Visual Word Form Area (VWFA). This is a portion of the left ventral
occipitotemporal cortex (VOTC), which is suggested to have a specific role in reading (McCandliss
et al., 2003; Shaywitz et al., 2008; Dehaene et al., 2010; but see also Price and Devlin, 2003;
2011). Typically, it is found to be more active when individuals look at words than when they look
at scrambled letters or objects.

Evidence in support of functional preservation in the blind brain shows that this region also
responds preferentially to letters presented in the somatosensory (Braille; Sadato et al., 1996;
Burton et al., 2002; Reich et al., 2011) or in the auditory modality (using sensory substitution;
Striem-Amit et al., 2012). The general consensus from these studies is that the “reading”
specialization of the VWFA develops independently of visual experience, and that the function of
the cortex is preserved.
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On the other hand, Bedny and collaborators proposed a functional change in the VWFA of blind
individuals, where this region shifts its function from processing written words to a more general
language function (Bedny et al., 2011; Bedny, 2017; Kim et al., 2017). Their research in blind
individuals shows that the VWFA not only responds preferentially to letters and words, but also to
language stimuli in general (e.g. auditory sentences), with activity in this region being modulated
by syntactic complexity. In their view, a common function can indeed explain both sets of results,
where the VWFA'’s stronger response to letters in the somatosensory and auditory modality in
blind individuals is due to its shift towards a more general role in language processing, and not
because of preserved specialisation for reading, indicating that specialisation for reading does
indeed require visual experience.

Interestingly, the specificity of the VWFA is not present at birth and instead develops with literacy.
VWEFA specificity for words increases as children learn to read, with word selectivity only observed
in fully literate children, and with selectivity for words correlating with reading skills in 7-12 years
old children (Dehane-Lambertz et al., 2018; Kubota et al., 2019). Increased selectivity to tactile
words can also arise in VWFA in sighted individuals as they learn to read Braille (Siuda-Krzywicka
et al., 2016). Given this change in specificity as a function of literacy, it is possible that this region
of the VOTC has a general language function early in infancy and before reading develops, and
that this function could persist in blind adults. It will be interesting to investigate changes in
selectivity in the VWFA in blind individuals as they learn to read Braille, and see whether this shift
towards letter selectivity is also observed. If this is the case, the increase in letter selectivity may
be accompanied by a reduction in sensitivity to syntactic complexity, indicating an increased
specialisation for reading and reduced general linguistic processing.

Another possibility is that both these effects do indicate a role of this region in language
processing, but they do not necessarily represent a functional change. Price and Devlin (2003;
2011) propose that the ventral occipito temporal cortex, including the region called VWFA, has a
role in integrating incoming bottom-up visual information with top-down conceptual and
phonological knowledge, such as speech sounds, actions and meanings (Price and Devlin, 2011).
They have argued against the existence of a brain specialisation for reading in VOTC, suggesting
that the name WVFA is misleading (Price and Devlin, 2003). The authors have based their
argument on evidence showing that the ventral occipital cortex is activated not only by reading
but also by tasks not involving any visual word component, such as observing and naming
pictures, manipulating unfamiliar objects, haming colours, and processing of auditory and tactile
stimuli. In their view, neurons in the VOTC are not selectively tuned to orthographic inputs, and
the observed specialization from orthography is part of an ongoing interaction between bottom-
up visual features and top-down modulations (Price and Devlin, 2011). If this account holds, and
the role of this region is indeed language processing also in sighted individuals, the findings in
blind individuals will be reflecting the same common function, but supporting functional
preservation for language processing, and not a functional change.

Further research in sighted and blind individuals is needed to disambiguate between these
possibilities. Specifically, MEG research could demonstrate whether these effects coincide in
time, and developmental and learning studies could clarify whether word selectivity is a function
of literacy also in the blind population. Moreover, these are excellent examples of how the study
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of deafness and blindness provides insights on crossmodal plasticity, but more generally on the
principles of brain organisation.

Conclusion and future directions

The study of plasticity in deaf and blind individuals has revealed a striking capacity of the brain
for adaptation and change. Theories of crossmodal plasticity propose either a functional
preservation or a functional change. Evidence from both sets of theories have made important
contributions to our understanding of crossmodal reorganisation, but more generally to knowledge
of the brain, challenging traditional models of neural function. These include theories such as the
pluripotentiality of the cortex (Bedny, 2017) or experience-based modality-independent
organisation of processing structures (Pascual-Leone and Hamilton, 2001; Lomber et al., 2010;
Reich et al., 2011; Heimler et al., 2015).

It is clear that there is substantial evidence supporting functional preservation and functional
change, in some cases from the same model and the same research group. Instead of contrasting
both theories, here we tried to identify neural mechanisms that could support both accounts in the
same or adjacent regions. We suggest that these two mechanisms could co-exist across the
cortex, reflecting either different processes in distinct groups of neurons or cytoarchitectonic
layers within the same cortical region. Evidence from the study of deaf cats has shown the
existence of populations of neurons with distinct functional profiles in the secondary auditory
cortex (Land et al., 2016). Some neurons show crossmodal responses, probably due to
unmasking or sprouting of pre-existing connections, but a large proportion of neurons can respond
to restored inputs and seem to preserve their wiring, with very few neurons showing bimodal
responses. It is unlikely these auditory-responsive neurons are dormant in deaf cats, and they
could potentially be more susceptible to top-down modulations from higher areas and have a role
in cognition. Future studies aimed at identifying neurons involved in cognitive processes in
crossmodally reorganised areas would shed light onto the principles of reorganisation and its
substrate.

Moreover, as a research field, we need more characterisation of plasticity effects in a layer-
specific fashion, especially in human experimental research. The existence of separate functions
in different layers has been proposed in models of sensory-typical individuals (Rolls and Mills,
2017), showing that this could be a general principle of neural organisation and function, and not
only a consequence of early sensory absence. In the light of this, a future challenge for our
scientific field will be to incorporate evidence and predictions about which cortical layers are the
substrate of crossmodal changes, so that more precise theories of reorganisation could be
developed. The technology now exists for high-resolution layer fMRI (Lawrence et al., 2017). This
is not without challenges, as 7T scanners are less user-friendly than more common 3T or 1.5T,
which is particularly problematic within populations with sensory loss, but it is an exciting
possibility.

Another possibility for seemingly distinct effects in the same cortical regions is that they both
underlie the same function. Here we discussed this possibility with examples of working memory
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and language in deaf individuals. Indeed, the effects observed in the left pSTC could underlie a
common function, but we do not know what that function is. To answer this question, we need to
know more about the role of pSTC in auditory working memory and cognitive control in hearing
individuals, and more studies of executive functions with auditory paradigms. With this
information, we will be then well equipped to confirm whether pSTC undergoes a functional
change or a preservation. For example, working memory effects in pSTC could reflect functional
preservation in the same way that sensorimotor cortices maintain sensory information during
working memory. On the other hand, support for functional change will come if pSTC has a role
in working memory control that is not observed in auditory working memory tasks in hearing
individuals.

Finally, a likely explanation for functional preservation and functional change effects is that
different cortical regions undergo different reorganisation, and that the opposing effects observed
in the same cortical area are a consequence of smoothing and averaging across groups of
participants. Here we discussed how this is an issue in the study of crossmodal reorganisation in
the right pSTC of deaf individuals, but this is also a problem in many fMRI studies. A more
meticulous mapping of several sensory and cognitive paradigms at subject-level would provide
clues onto what regions undergo what type of crossmodal changes. If segregated organisation is
the rule, it is likely that a fine balance between environmental influences and innate wiring will
shift regions in different ways. Following the developmental trajectory of these changes is an
exciting opportunity to reveal such organisational principles.

All these open questions will only be answered by continuing the joint effort to understand
crossmodal reorganisation in animal and human models. Studies in animals provide invaluable
information from invasive techniques that are not feasible in human populations. It will be
intriguing to find out whether higher-order functions such as working memory are also reorganised
to sensory-deprived regions in animal models and what are the cellular substrates of such
reorganisation. On the other hand, only research in humans can address the effect of language
in cortical development and crossmodal reorganisation. This is particularly important in models of
deafness, where language deprivation is unfortunately a very common reality (see for a review
Lyness et al., 2013). In the past few years, multivariate neuroimaging techniques have provided
more detailed information about reorganisation (Peelen et al., 2014; Almeida et al., 2015;
Handjaras et al., 2017; Mattioni et al., 2017), and the future challenge for our field is to expand
this while also employing high-resolution imaging techniques. Deafness and blindness research
in humans is challenging because the populations of interest are small and difficult to recruit,
which calls for our field to embark in cross-laboratory projects such as those used in other
research with similar obstacles (Frank et al., 2018).

Figure Legends
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Fig. 1. Language and working memory effects in the Superior Temporal Cortex of deaf
individuals. Language effect: regions that were more active during a phoneme monitoring task
only in deaf native signers, but not in deaf non-signers or in hearing controls (results from
Cardin et al., 2013). Working memory effect: regions that were more active for working memory
only in deaf individuals (results from Cardin et al., 2018). Both effects displayed at p < .001
(language) and p < .005 (working memory) for visualisation purposes, but all peaks or clusters
significant at p < .05, FWE.

Fig. 2. Schematic representation of right pSTC and neighbouring regions. The extent,
location and shape of each of these regions is different from participant to participant. Group
averages are then likely to result in overlapped activations from adjacent regions.
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