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Neuroplasticity following deafness has been widely demonstrated in both humans and
animals, but the anatomical substrate of these changes is not yet clear in human
brain. However, it is of high importance since hearing loss is a growing problem due
to aging population. Moreover, knowing these brain changes could help to understand
some disappointing results with cochlear implant, and therefore could improve hearing
rehabilitation. A systematic review and a coordinate-based meta-analysis were realized
about the morphological brain changes highlighted by MRI in severe to profound hearing
loss, congenital and acquired before or after language onset. 25 papers were included in
our review, concerning more than 400 deaf subjects, most of them presenting prelingual
deafness. The most consistent finding is a volumetric decrease in gray matter around
bilateral auditory cortex. This change was confirmed by the coordinate-based meta-
analysis which shows three converging clusters in this region. The visual areas of deaf
children is also significantly impacted, with a decrease of the volume of both gray
and white matters. Finally, deafness is responsible of a gray matter increase within
the cerebellum, especially at the right side. These results are largely discussed and
compared with those from deaf animal models and blind humans, which demonstrate
for example a much more consistent gray matter decrease along their respective primary
sensory pathway. In human deafness, a lot of other factors than deafness could interact
on the brain plasticity. One of the most important is the use of sign language and its
age of acquisition, which induce among others changes within the hand motor region
and the visual cortex. But other confounding factors exist which have been too little
considered in the current literature, such as the etiology of the hearing impairment,
the speech-reading ability, the hearing aid use, the frequent associated vestibular

Frontiers in Neuroscience | www.frontiersin.org 1 March 2022 | Volume 16 | Article 850245

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2022.850245
http://creativecommons.org/licenses/by/4.0/
mailto:anais.gregoire@saintluc.uclouvain.be
https://doi.org/10.3389/fnins.2022.850245
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2022.850245&domain=pdf&date_stamp=2022-03-28
https://www.frontiersin.org/articles/10.3389/fnins.2022.850245/full
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-850245 March 22, 2022 Time: 15:2 # 2

Grégoire et al. Brain Modifications in Congenital and Acquired Deafness

dysfunction or neurocognitive impairment. Another important weakness highlighted by
this review concern the lack of papers about postlingual deafness, whereas it represents
most of the deaf population. Further studies are needed to better understand these
issues, and finally try to improve deafness rehabilitation.

Keywords: deafness/hearing loss, sign language (SL), neuroplasticity, brain morphology, cochlear implant, MRI,
systematic review and meta-analysis

INTRODUCTION

Hearing Loss and Deafness
It is estimated that around 1.5 billion people worldwide
experience some degree of hearing loss, which could grow
to 2.5 billion by 2050 due to expected population growth
and increased longevity (Geneva: World Health Organization,
2021). Although hearing loss can be congenital, affecting two
in one thousand newborns, in the vast majority of the cases
it is acquired later in life. Hearing impairment is characterized
according to severity, ranging from mild to profound forms.
The term of deafness is used in case of severe or profound
hearing loss, with auditory thresholds greater than 70 dB HL
(Hearing Level). Deafness is often classified into prelingual and
postlingual, depending on whether its onset occurred before
or after learning language, i.e., around the age of four. More
than 50% of congenital hearing loss is genetic in origin (e.g.,
mutation of the connexin 26); other causes are complications
at birth or in the neonatal period (birth asphyxia, low birth
weight, and severe jaundice), certain infectious diseases (in utero
infection by cytomegalovirus, rubella, or meningitis), chronic
ear infections, ototoxic drugs (antibiotics like aminoglycosides,
anti-tumor drugs like cisplatin), exposure to harmful noise levels
(in a professional or recreational context), and ageing (Geneva:
World Health Organization, 2021). The rate of moderate to
severe (disabling) hearing loss increases exponentially with age in
all regions of the world, rising from 15.4% among people aged
in their 60s, to 58.2% among those aged more than 90 years
(Geneva: World Health Organization, 2021). Recent studies on
age-related hearing loss highlighted its association with enhanced
risk of cognitive decline, depression and social isolation (Lin
et al., 2013; Manrique-Huarte et al., 2016; Livingston et al., 2017;
Maharani et al., 2019; Griffiths et al., 2020). Care and prevention,
such as treatment of ear diseases, vaccination and limitation
of the exposure to ototoxic drugs and noise, are essential to
limit the negative consequences. The socio-economic impact of
hearing loss can be substantial and depends on the severity and
the age of onset of the hearing loss. Besides the direct medical
costs, there are costs related to special education, vocational
rehabilitation, and unemployment or lost productivity (Mohr
et al., 2000; Keren et al., 2002; Shield, 2006). For example, Mohr

Abbreviations: CI, cochlear implant; DTI, diffusion tensor imaging; HG, Heschl’s
gyrus; IFOF, inferior-fronto-occipital fasciculus; PAC, primary auditory cortex;
ROI, region of interest; SLF, superior longitudinal fasciculus; STG, superior
temporal gyrus.

et al. Mohr et al. (2000) estimated that in the United States, severe
to profound postlingual hearing loss costs society $ 297.000 over
the lifetime of an individual, and more than $ 1 million in case of
prelingual deafness. Early intervention can significantly reduce
these costs. A study comparing the lifetime societal costs of
congenital deafness for a deaf child was estimated at $ 697.500
in case of normal language (due to early intervention), doubling
to $ 1.126.300 in case of delayed language (Keren et al., 2002).

Early access to any type of hearing aids or sign language (SL)
is therefore of utmost importance. In case of severe to profound
deafness, especially if speech intelligibility with conventional
hearing aids is poor (Zwolan et al., 2001), cochlear implant (CI)
is the intervention of choice. A CI device consists of an internal
part, with an electrode array placed directly in the cochlea,
delivering electric stimulation to the branches of the auditory
nerve, and an external part composed of a microphone and a
speech processor (Figure 1). Most of the time, the CI allows
oral language development in prelingual deafness, and functional
hearing in postlingual deafness (Fulcher et al., 2012; Gaylor et al.,
2013). According to estimates based on manufacturers’ voluntary
reports of registered devices to the United States Food and Drug
Administration, 183.000 subjects have been implanted in the
United States in 2019, of which a little more than a third were
children. In case of prelingual deafness, CI implantation has to
take place at least before the end of the language sensitive period
to enable the normal development of auditory pathways (Ponton
et al., 1996), and even before 9 months of age for optimum
language development (Dettman et al., 2021). Despite significant
improvement in mean speech scores after implantation (Gaylor
et al., 2013), the variability of the outcomes is important, with
speech discrimination in quiet conditions ranging from 0 to 100%
(Lazard et al., 2012). The rate of poor performers varies from 10
to 50% depending on the definition used (Moberly et al., 2016).
The reasons for poor CI success rates are unclear. For instance,
a large multicentric study on 2,251 CI patients revealed that
residual hearing, percentage of active electrodes, use of hearing
aids during the period of profound hearing loss, and duration of
moderate hearing loss only explain 20% of the variance (Lazard
et al., 2012). Other studies reported that the remaining spiral
ganglion cell count, representing the integrity of the peripheral
auditory pathway, also does not explain the variance in speech
perception (Fayad et al., 1991; Blamey et al., 1996). Thus, other
factors must affect performance with a CI, such as the integrity
of the central auditory pathways or already established brain
plasticity (Sharma and Glick, 2016). Indeed, there is now ample
evidence from both animal and human studies that the deprived
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FIGURE 1 | Cochlear implant with its two main components. The external part, which is placed behind the ear, is composed of a microphone, an audio processor, a
battery and a coil, kept in place in front of the internal part by a magnet. The internal part is placed during a surgical procedure under general anesthesia. The implant
transmits the electrical stimulation to the fibers of the cochlear nerve through electrodes placed in the cochlea (from MED-EL© 2021).

auditory cortical areas process other sensory signals, like vision
and touch (Petitto et al., 2000; Finney et al., 2001; Allman et al.,
2009; Campbell and Sharma, 2014), a process referred to as cross-
modal plasticity. Although cortical plasticity following loss of
vision has been described in detail [see Kupers and Ptito (2014);
for a review], there is a relative sparsity in studies on brain plastic
changes following auditory loss. There is some evidence that
structural and functional brain changes can impact rehabilitation
with a CI (Lee et al., 2007; Lazard et al., 2013; Tan et al., 2015;
Feng et al., 2018; Han et al., 2019; Wang et al., 2019; Sun et al.,
2021). Furthering our understanding of brain plasticity and its
structural substrate in deafness is therefore of utmost importance
to improve therapeutic outcomes of CI therapy.

The aim of this systematic review and coordinate-based meta-
analysis is to summarize the current knowledge on gray and white
matter changes as revealed by structural MRI in subjects with
severe to profound hearing loss. Plastic changes in deaf humans
are compared with those in deaf animals and in human blind
subjects. We end with some perspectives and further possible
directions of investigation.

Animal Model of Deafness
Several animal models of deafness have been used to study
neuroplastic changes following loss of audition. The most widely

used animal model is the congenitally deaf white cat (Heid et al.,
1998). These animals suffer from a genetic disease which means
that 70 percent of them are born deaf. The auditory system
of the cat is similar to that of humans in terms of auditory
fields, gyrification and acoustic functions, making the deaf white
cat a suitable model for studying congenital deafness (Kral and
Lomber, 2015). Other animal models include transgenic mice
(Kozel et al., 1998; Hunt et al., 2006), congenitally deaf dogs
(Niparko and Finger, 1997), animals deafened at different ages
by administration of ototoxic drugs (Hardie and Shepherd, 1999;
Meredith and Allman, 2012), and gerbils deafened by aspiration
of the content of the cochlea (Kitzes and Semple, 1985; Moore
and Kitzes, 1985).

The modifications of the auditory pathways in animal models
of deafness are discussed below according to structural or
functional criteria.

Structural Changes in Animal Model of
Deafness
Structural changes have been described at the different relays
of the auditory pathway (Figure 2). Studies in neonatally deaf
animals revealed that the cochlear nuclei, which form the first
relay of the auditory pathway, are decreased in global volume,
cell body size, and neuronal density (Hultcrantz et al., 1991;
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Niparko and Finger, 1997; Butler and Lomber, 2013). The
magnitude of these changes was correlated with the duration
of hearing impairment, and thus also with age (Hardie and
Shepherd, 1999). In contrast, no such changes were shown
in animals with late-onset deafness (Tierney et al., 1997;
Stakhovskaya et al., 2008). The next relay of the auditory pathway
is the superior olivary complex, composed of three main nuclei
surrounded by smaller periolivary nuclei. In animals with early-
onset of deafness, the size and the number of neurons within the
main olivary nuclei are decreased, and the tonotopy is disrupted
[see Butler and Lomber (2013) for a review]. More rostrally, the
volume of the inferior colliculi and their constituent neurons
is decreased in animals with early-onset deafness, despite the
fact that the total number of neurons remains globally stable
[see Butler and Lomber (2013) for a review]. The thalamus has
been very little studied in animal models of deafness, probably
due to difficulty accessing the thalamic structures (Butler and
Lomber, 2013). However, a study of thalamic projections to the
primary auditory cortex A1 in neonatally deafened cats, using a
retrograde tracer, showed that the labeling in the ventral division
of the medial geniculate body did not differ between hearing and
deafened animals (Stanton and Harrison, 2000).

At the level of the auditory cortex, studies in deaf cats showed
an overall trend to a decrease in size, in particular in early-deaf
cats (Lomber et al., 2019). In both early- and late-deaf cats, this
global decrease was driven by a reduced volume of the primary
auditory cortex (PAC), despite a conservation of its laminar
structure (Hartmann et al., 1997). The secondary auditory areas
also showed changes in size and of their borders with adjacent
auditory, visual or somatosensory regions, which depended on
the onset of deafness. For example, in early deaf cats compared to
hearing cats, A2 was larger and the auditory field of the anterior
ectosylvian sulcus (FAES) was smaller, whereas in late-deaf cats
the posterior auditory field (PAF) was expanded (Figure 3)
(Wong et al., 2014; Chabot et al., 2015). In congenitally deaf mice,
the primary visual cortex was enlarged (Hunt et al., 2006).

Berger and co-workers compared the laminar organization
of the auditory cortex in congenitally deaf and hearing cats.
Although the auditory cortex preserved its six-layered cortical
structure, the granular (IV) and infragranular (V–VI) layers were
thinner in both A1 and the dorsal zone (DZ), which is part of the
secondary auditory cortex (Berger et al., 2017). The thinner infra-
granular layers were explained by a combination of factors such
as a reduction of the cell soma size, smaller dendritic trees, and
reduced number and size of synaptic spines (Kral and Sharma,
2012; Berger et al., 2017). In contrast, there was no change in
the global size of the supragranular layers (I to III), despite an
increase in dendritic branching in A1 and the FAES in long-term
neonatally deaf cats (Clemo et al., 2016, 2017).

Functional Changes in Animal Model of
Deafness
Improved visual and tactile functions in both early- and late-
deaf animals are well-documented (Rebillard and Pujol, 1977;
Allman et al., 2009; Lomber et al., 2010; Meredith and Lomber,
2011). For example, congenitally deaf cats show better visual

FIGURE 2 | Primary auditory pathway and main white matter tracts involved
in auditory processing and language. (A) The relays of the auditory pathway
are the cochlear nuclei, the superior olivary complex, the nuclei of the lateral
lemniscus for some neurons, the inferior colliculus and the medial geniculate
nucleus of the thalamus. The 8th cranial nerve finally reaches the auditory
cortex in the superior temporal gyrus. The major part of the fibers from the
cochlea cross the medial line at different levels of the neuraxis and arrive in
contralateral auditory cortex. (B) The main intrahemispheric white matter
bundles involved in auditory processing and language are the superior
longitudinal fasciculus (SLF), the inferior fronto-occipital fasciculus (IFOF), and
the uncinate fasciculus (UF), schematically represented here (Maffei et al.,
2015).

localization in the peripheral field and lower visual movement
detection thresholds (Lomber et al., 2010). There is evidence that
DZ and PAF play a significant role in these compensatory plastic
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FIGURE 3 | Modifications in the auditory cortex in early- and late-deaf cats. Cytoarchitectonic study showing that A1 is reduced in both early- and late-deaf cats (#)
compared to hearing cats. Additionally, in early-deaf cats, A2 and VAF are larger (∗), whereas fAES is smaller compared to normal hearing cats (◦). Data adapted from
Wong et al. (2014) with permission of the author and publisher.

changes since inactivating these areas by local cooling makes
thresholds return to normal (Lomber et al., 2010). Alterations
in the response specificity of primary auditory cortical neurons
have also been described (Hunt et al., 2006; Meredith and
Lomber, 2011; Meredith et al., 2012): whereas more than 90%
of neurons in A1 of normal hearing animals respond exclusively
to auditory input, 68% of these neurons responded to unimodal
somatosensory stimuli in congenitally deaf mice (Hunt et al.,
2006). Plastic functional changes also take place in case of partial
acquired hearing loss. For instance, Meredith et al. (2012) showed
that the number of unimodal auditory neurons decreased from
65 to 31%, whereas neurons responding to different sensory
modalities increased from 34 to 68% in partially hearing-
impaired ferrets.

Local field potential recordings after intracochlear electrical
stimulation showed that synaptic activity is preserved in the
supragranular layers of the PAC in deaf cats, but is decreased
in the infragranular layers (Klinke et al., 1999; Kral et al.,
2000). This is in line with results from cytoarchitectural studies
described above (Berger et al., 2017). The supragranular layers
process bottom-up sensory-input, whereas the infragranular
layers are the source of the outputs to the thalamic nuclei, the
auditory midbrain and other brainstem structures (Schofield,
2009; Znamenskiy and Zador, 2013; Mellott et al., 2014). These
layer-specific responses to electric cochlear stimulation suggest
that the connections between the supra- and infragranular
layers do not mature normally in congenitally deaf animals
(Lomber et al., 2019).

Different mechanisms have been proposed to explain the
above described functional and structural cortical changes. A first
mechanism is the strengthening of existing cortico-cortical
connections by the development of new synapses in the core
and belt auditory cortex, both in early and late-onset deafness
(Kok et al., 2014; Wong et al., 2015; Barone et al., 2016). For
example, Wong et al. (2015) showed increased connections from
visual and somatosensory areas to the anterior auditory field
(AAF), as well as decreased connections from other auditory

areas to AAF and PAF (Yusuf et al., 2021). These modifications
were more pronounced in early-deaf compared to late-deaf cats.
Together with A1, the AAF forms the core of the auditory cortex.
Other authors reported an increase in projection strength from
secondary visual areas (area 7 and region of the suprasylvian
sulcus) to the secondary auditory area DZ in both early and late
deaf cats (Kok et al., 2014; Barone et al., 2016). A second possible
mechanism underlying cortical plasticity is the formation of new
cortico-cortical connections. Although one study reported new
projections to DZ from visual areas 19/20 and the multimodal
areas of the anterior ectosylvian sulcus and the orbito-frontal
region (Barone et al., 2013), there are no other reports in support
of such a mechanism (Cardin et al., 2020). Finally, it has been
suggested that cross-modal plastic changes are mediated by
changes at the level of the brainstem (Allman et al., 2009; Butler
et al., 2017). Although inputs from the somatosensory system
to the dorsal cochlear nucleus and the inferior colliculus have
been demonstrated in normal hearing animals (Aitkin et al.,
1981; Shore et al., 2000; Kanold and Young, 2001; Shore and
Zhou, 2006), these are enhanced after hearing loss, and their
response thresholds are decreased (Shore et al., 2008; Meredith
and Allman, 2012).

To summarize, there is ample evidence for a reduction
of the size or the number of neurons at different levels of
the auditory pathways and in the PAC, especially in case
of early deafness. However, the global pattern of thalamo-
cortical and cortico-cortical connections seems mainly preserved,
with some strengthening but very few de novo connections.
The responsiveness of PAC neurons to non-auditory sensory
inputs may underlie the improved tactile and visual skills
in deaf animals.

Structural Brain Modifications in Human
Deafness
Enhancement of non-auditory sensory skills has also been
reported in human deafness. For example, improved visual
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functions have been described in congenitally deaf individuals,
including distinguishing emotional facial expressions and local
facial features, peripheral visual field tasks and attention to the
peripheral visual field (Neville and Lawson, 1987a; McCullough
and Emmorey, 1997; Arnold and Murray, 1998; Bavelier et al.,
2000; Hauthal et al., 2013; Almeida et al., 2015). Activation
of auditory areas has been demonstrated in response to
somatosensory or visual stimuli, including sign language, in
congenitally and acquired deaf humans, even in those presenting
only a moderate hearing loss (Petitto et al., 2000; Finney et al.,
2001, 2003; Levänen and Hamdorf, 2001; Schürmann et al., 2006;
Campbell and Sharma, 2014). In line with results obtained in
congenital blindness, the deprived auditory cortex becomes also
involved in higher-order cognitive functions such as working
memory and language (Buchsbaum et al., 2015; Ding et al., 2015;
Cardin et al., 2020). In accordance with results from animal
models of deafness (Diamond and Weinberger, 1984; Kral et al.,
2003; Lomber et al., 2010; Meredith et al., 2011) and blindness
(Rauschecker and Korte, 1993; Yaka et al., 1999), the higher-
order auditory areas seem to have a higher capacity for plastic
reorganization than the primary area (Kral, 2007; Butler and
Lomber, 2013; Cardin et al., 2013, 2016, 2020). However, the
structural basis underlying this functional plasticity remains an
issue of debate (Lomber et al., 2019). A post-mortem histological
study in subjects who suffered from profound deafness revealed
that the cell bodies in the cochlear nuclei were larger at the side
of the least affected ear (Chao et al., 2002).

In order to improve our understanding of the structural
correlates of deafness associated functional plasticity, we
conducted a systematic review and coordinate-based meta-
analysis of the anatomical MRI studies conducted in subjects with
severe to profound hearing loss.

METHODS

Search Strategy and Paper Selection
We performed a systematic review of the literature on studies
published in English language peer-reviewed journals and
comparing gray matter (GM)/white matter (WM) volume,
cortical thickness, and cortical curvature between severe to
profound deaf and normal hearing subjects. We followed
the PRISMA guidelines (Page et al., 2021). The search was
conducted in June 2020, using PubMed and Embase, with
the MeSH search terms “magnetic resonance imaging” AND
“deafness”, the Emtree search terms “nuclear magnetic resonance
imaging” AND “hearing impairment” OR “morphometry” AND
“hearing impairment” and the key search terms “magnetic
resonance imaging,” “MRI,” “morphometry,” “cortex volume,”
“deaf,” and “deafness.” We screened all titles and abstracts
and excluded studies of unilateral hearing loss, central hearing
loss, tinnitus, and studies without a normal hearing control
group. We built a chart collecting for each study the data
about (1) meta-study information (e.g., authors and year of
publication), (2) characteristics of the population (e.g., age,
deafness and language characteristics, use of hearing aids, and
handedness), (3) neuroimaging methods (e.g., region of interest

or whole brain analysis, manual or voxel-based morphometry),
technical information related to MRI and image acquisition (e.g.,
magnetic field strength, pulse sequences, and image resolution),
(4) and significant results, if possible corrected for multiple
comparisons. We encoded significant differences of global
or regional brain volumes, GM and WM volumes, cortical
thickness and curvature, specifying the hemisphere affected.
When available, the MNI (Montreal Neurological Institute) or
Talairach stereotactic coordinates were noted and reported on
MRI for visualization. Since the size of the brain area affected by
the change in volume or thickness was only rarely reported, it was
not taken into account. This review has not been registered.

We classified the papers using the Oxford Center for Evidence-
based Medicine (OCEBM) levels of evidence (Howick et al.,
2011). Level 1 corresponds to systematic review, level 2 to
randomized trials, level 3 to cohort studies and non-randomized
controlled trial, and level 4 to case-series and case-control
studies. We evaluated the quality of the included studies using
the Newcastle-Ottawa quality assessment Scale (NOS) (Wells
et al., 2000). In this scale, each study is judged on eight items,
categorized into three groups: the selection of the study groups;
the comparability of the groups, and the ascertainment of the
exposure. The highest quality studies are awarded up to nine
stars. The NOS is the most widely used instrument to assess
quality of case-control and cohort studies (Luchini et al., 2017).
However, some authors complained about a low inter-rater
agreement (Hartling et al., 2013).

Activation Likelihood Estimation
Meta-Analysis
We also performed an Activation Likelihood Estimation (ALE)
meta-analysis of the literature of structural changes in deafness,
based on the reported stereotactic coordinates. ALE was initially
developed for meta-analysis of functional data (Turkeltaub et al.,
2002), but the current version, GingerALE Version 3.0.2, has been
adapted for brain structural analysis as well (Eickhoff et al., 2009).
This technique gives a probabilistic localization of overlapping
foci from different studies. The foci are transformed in spatial
probability distributions centered at the given coordinates, with
a width based on empirical estimates of spatial uncertainty
due to the inter-subject and inter-template variability. It is
important to note that this analysis does not take into account
the extent of the reported brain modifications. The ALE results
are finally compared with the null-distribution of the random
spatial association between studies, resulting in a random-effect
inference (Eickhoff et al., 2012).

To be included, the studies have to use Voxel-Based
Morphometry (VBM), to provide the coordinates of the peaks
in MNI or Talairach space, and to give significant results after
correction for multiple comparisons. All the coordinates were
transformed in MNI space, using SPM in GingerALE. Two
datasets were built, the first one with the coordinates of the peaks
where deaf subjects showed greater volume than the normal
hearing control subjects, and the other one with the peaks
where deaf subjects showed lower volume than their controls.
For the paper from Olulade et al. (2014), which compared
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four subgroups depending on the level of hearing (normal or
profoundly impaired) and the type of language (oral or SL),
we chose to only include the coordinates of peaks from the
comparison deaf versus normal hearing SL users in order to
avoid potential changes related to SL use. As recommended by
Eickhoff et al. (2012), we applied to output images thresholds of
p < 0,01 (cluster forming threshold) and 0,05 for cluster-level
family-wise-error (FWE) with 1,000 thresholding permutations.

RESULTS

A total of 555 studies were identified and screened from all
database searching (see Figure 4 for flowchart PRISMA). Of
these, 528 papers were excluded based on their title or abstract,
mostly because their subjects did not present severe or profound
bilateral hearing loss, or no anatomical MRI was included, or for
a lack of a normal hearing control group. From the 27 remaining
papers, 25 were finally included in the narrative systematic
review, and nine in the coordinate-based meta-analysis. However,
a recent tenth study was included in the meta-analysis to enhance
statistical power (McCullough and Emmorey, 2021). All papers
concerned case-control studies with an OCEBM level of evidence
of 4 and are of good quality according to the Newcastle-Ottawa
quality assessment Scale.

Demographics and Global Overview
In total, 427 deaf individuals and 539 normal hearing controls
were included (see Supplementary Table 1 for demographic
characteristics). Of these, 110 were deaf children, 184 normal
hearing children, 317 deaf adults, and 355 normal hearing adults.
Several studies shared partially or totally the same population,
but they focused on different regions of interest (ROIs) or
used various methods (Supplementary Table 1). The age of the
participants ranged from a few months until 70 years (mean
age 24.5 years ± 1.7 SD). Seven studies focused on a pediatric
population. Of these, two studies included toddlers from 8 to
38 months (Smith et al., 2011; Feng et al., 2018), one included
children from 1 to 9 years (Shiohama et al., 2019), one included
children from 5 to 14 years (Shi et al., 2016); three studies used the
same population of children and adolescents from 10 to 18 years
(Li J. et al., 2012; Li et al., 2013, 2015). Thirteen studies included
participants with profound deafness (hearing loss over 90 dB),
five included participants with severe to profound deafness
(>70 dB). Seven studies had a mixture of patients with moderate
hearing loss and severe to profound deafness (>50 dB HL)
(Emmorey et al., 2003; Allen et al., 2008, 2013; Smith et al.,
2011; Feng et al., 2018; Qi et al., 2019; Shiohama et al., 2019).
For the study by Shiohama et al. (2019), we only took into
account the group of children with severe to profound hearing
loss, excluding those with mild to moderate hearing loss. In 24
out of 25 publications, only congenitally or prelingually deaf
subjects were studied, most of them using SL as main language.
Only one study included both pre- and postlingually deaf subjects
(Kim et al., 2014). In most studies, deaf and hearing groups were
matched for age, sex and handedness. Most studies excluded
left-handed subjects, which increases population homogeneity

but may induce selection bias. Cases presenting with additional
neurological disease and brain malformation were excluded. Very
little information is provided about the exact etiology of deafness
(see Supplementary Table 1). The deaf and control groups are
difficult to match in terms of level of education, since congenitally
deaf people often do not have access to traditional education.
However, some studies matched their groups for IQ (Olulade
et al., 2014; Kumar and Mishra, 2018), linguistic proficiency
(Penhune et al., 2003) or socio-economic status (Feng et al.,
2018). Supplementary Table 1 provides information about the
demographic and main findings of the included papers.

Changes in Gray Matter
Figure 5 summarizes the significant brain modifications together
with their stereotactic coordinates. The main GM and cortical
thickness modifications were found in the visual cortex,
extending from the occipital lobe to the fusiform gyrus of
the temporal lobe, especially in the pediatric deaf population.
Decrease of GM volume or in cortical thickness in deaf babies
and children were found in right or left superior occipital gyri (Li
J. et al., 2012; Feng et al., 2018), left middle and inferior occipital
gyri (Shiohama et al., 2019), left lingual gyrus (Feng et al., 2018),
and left fusiform gyrus (Li J. et al., 2012). Three other studies
failed to detect GM changes among these visual areas in deaf
children (Smith et al., 2011; Li et al., 2015; Shi et al., 2016). GM
changes in the visual areas were more inconsistent in the adult
deaf population, with half of the studies describing an increase
or a decrease in GM. For example, a study of nine prelingually
deaf adults, focusing on purported changes in the early visual
cortex, did not find any differences in this area (Fine et al., 2005),
whereas other studies reported a GM volume increase in the
calcarine sulcus (Allen et al., 2013) or fusiform gyrus (Kumar and
Mishra, 2018). Still others reported a GM volume reduction in
both fusiform gyri (Olulade et al., 2014; Qi et al., 2019) and in the
right middle occipital gyrus (Qi et al., 2019). Finally, one study
reported a decrease in cortical thickness in the calcarine sulcus
of prelingually deaf adults (Smittenaar et al., 2016). The age of
SL acquisition may have an influence on the GM volume in the
visual cortex. Pénicaud et al. (2013) showed that GM volume is
decreased in left primary (V1) and secondary (V2) visual areas,
and also in the left dorsal visual association areas (V3a/V7) in
late SL learners (acquisition between 11 and 14 years), whereas it
is increased in deaf adults with SL acquisition before 3 years old.
These authors did not find differences between deaf and hearing
subjects when all deaf subjects were analyzed together.

Modifications of GM in the temporal lobe were present in
only five out of 19 studies. In deaf babies, one study reported a
GM volume increase in the anterior part of Heschl’s gyrus (HG)
(Smith et al., 2011); in deaf adults, GM increases were found in
bilateral superior temporal gyrus (STG) (Leporé et al., 2010a) or
exclusively in the right STG extending posteriorly to the planum
temporale (Emmorey et al., 2003), and in inferior temporal gyrus
(Kumar and Mishra, 2018). In contrast, one study in deaf babies
reported a reduction in GM density in bilateral STG and HG
(Feng et al., 2018).

There are also reports of GM changes outside the occipital
and temporal brain areas. Three studies in deaf adults reported
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FIGURE 4 | Study flowchart according to PRISMA 2020.

increased GM volume in the bilateral (Allen et al., 2013; Kumar
and Mishra, 2018) or left (Leporé et al., 2010a) inferior frontal
gyrus, a brain area which is involved in language production.
One study showed a reduction of GM cortical thickness of the
left middle frontal gyrus in adolescents (Li et al., 2013); three
others reported an increase of GM volume in adults either in
both middle frontal gyri (Kumar and Mishra, 2018) or only at the
right side (Leporé et al., 2010a; Olulade et al., 2014). One study
in deaf babies reported a decrease in GM volume in the right
supramarginal gyrus, an area which is part of the somatosensory
association cortex (Feng et al., 2018). Three studies reported
a GM volume increase in the precentral gyrus, more precisely
within the left motor hand region (Leporé et al., 2010a; Li
J. et al., 2012; Kumar and Mishra, 2018), likely due to the
hand movements during SL production. The use of SL was also
associated with a GM increase in different parts of the frontal
gyri, especially the bilateral middle frontal, right medial frontal
and right inferior frontal gyri (Olulade et al., 2014).

The GM modifications were also found in the precuneus,
which is part of the parietal lobe and that plays a role, among
others, in the integration of multisensory information. The
modifications varied with age, deaf babies showing a GM decrease
in the left precuneus (Feng et al., 2018), and deaf adolescents a
cortical thickness increase of the right precuneus (Li et al., 2013).
The use of SL was associated with a GM increase in the right
precuneus (Olulade et al., 2014). Contradictory findings were also

reported for the insula, with some studies reporting an increased
GM volume in left posterior insula in congenitally deaf adults
compared to hearing signers and non-signers (Allen et al., 2008),
and other studies reporting a GM decrease in bilateral insula in
deaf compared to hearing signers (Olulade et al., 2014). The GM
decrease in the right insula seemed related to the use of SL in the
congenitally deaf, rather than to deafness per se (Olulade et al.,
2014). The limbic lobe was affected, with two studies describing
a GM decrease in the right cingulate gyrus in deaf babies (Feng
et al., 2018) and deaf adults (Olulade et al., 2014), and one study
reporting an increase in cortical thickness in the left posterior
cingulate gyrus in deaf adolescents (Li et al., 2013). Again, the use
of SL, and not deafness, seemed to account for the GM increase
in the left cingulate gyrus (Olulade et al., 2014).

Several studies reported increases in GM volume in the
cerebellum, either at the right side (Leporé et al., 2010a; Li et al.,
2013; Kumar and Mishra, 2018), but sometimes also bilaterally
(Hribar et al., 2014) (see Figure 6 for cerebellar anatomy). More
specifically, these GM increases occurred in the crus I and II,
also called superior and inferior semi-lunar lobules (Hribar et al.,
2014; Kumar and Mishra, 2018), in right lobules IX and X
(Leporé et al., 2010a) and in right lobules IV and V (Li et al.,
2013). Interestingly, this GM increase was less pronounced in
participants with long-term use of hearing aids (Li et al., 2013).
One study in deaf adults reported a GM decrease in the left crus
II and in left lobule VIII (Olulade et al., 2014).
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FIGURE 5 | Morphometric changes in the human deaf brain. Increases in GM or WM volume in the deaf compared to hearing controls are shown in red, decreases
in blue. (A) GM and WM volume in deaf children; (B) cortical thickness in deaf children; (C) GM and WM volume in deaf adults; (D) cortical thickness in deaf adults.
The image shows the peak (or center) of the areas with modifications in volume or cortical thickness; cluster volumes are not indicated. Some spheres appear
smaller because they are shown on slices which are not positioned at the center of the spheres. Right hemisphere is shown on the right of the images. The numbers
on top of the slices show the y-coordinates of the coronal slices in MNI space. The numbers inside the slices correspond to the studies from which the coordinates
are taken. 1: Li J. et al. (2012); 2: Feng et al. (2018); 3: Smith et al. (2011); 4: Li et al. (2013); 5: Qi et al. (2019); 6: Kim et al. (2009); 7: Olulade et al. (2014); 8: Kumar
and Mishra (2018); 9: Leporé et al. (2010a); 10: Hribar et al. (2014).

Finally, Amaral et al. (2016) showed that the right
thalamus, right lateral geniculate nucleus and right inferior
colliculus are larger than their left counterparts in congenitally

deaf subjects, suggesting that these subcortical structures
participate in the rerouting of visual information to the right
auditory cortex.
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FIGURE 6 | Cerebellar anatomy. (A) Sagittal section of the human brain and cerebellum. The arrows show the way the cerebellum is unfolded. (B) Flatmap
representation of the unfolded cerebellum, using both the classification of Larsell (1952) and the classical nomenclature of the human cerebellum (Malacarne, 1791;
Reil, 1808; Burdach, 1829).

In summary, the most frequent morphometric change is a
decrease in GM in visual areas of the deaf pediatric population.
Changes in the visual cortex in deaf adults and in auditory regions
are less frequent and less consistent. Increases in GM have also
been described in the cerebellum, especially at the right side, and
in the hand region of the precentral gyrus.

Changes in White Matter
Several studies reported decreases in WM in the temporal lobe in
deaf adults and children. Seven studies reported WM decreases in
the STG, either at the left side (Shibata, 2007; Olulade et al., 2014)
or bilaterally (Emmorey et al., 2003; Kim et al., 2009; Smith et al.,
2011; Feng et al., 2018; Kumar and Mishra, 2018). As for HG,
three studies reported a left-lateralized decrease in WM (Shibata,
2007; Hribar et al., 2014; Olulade et al., 2014), whereas one study
reported a bilateral decrease in WM (Emmorey et al., 2003).
One other study reported a WM decrease within the anterior
part of HG (Smith et al., 2011). In contrast, one study described
increased WM volume around HG (Leporé et al., 2010a).

In deaf babies, WM decreases were described in the occipital
lobe, either bilaterally (Feng et al., 2018) or in the left hemisphere
only (Smith et al., 2011). A study in deaf adolescents reported a
selective WM decrease in the right inferior occipital gyrus (Li J.
et al., 2012).

Two studies described WM decreases in the left superior
frontal gyrus (Kim et al., 2009) or in left middle frontal gyrus
(Kim et al., 2009; Li J. et al., 2012) in deaf adolescents and adults.
One study reported a WM increase in the left precentral gyrus
and the right inferior frontal gyrus that was associated with the
use of SL (Olulade et al., 2014). Deaf compared to hearing signers
had a bilateral decrease in WM in the insula (Olulade et al., 2014).
One other study reported a WM increase in the right insula in
deaf and hearing signers (Allen et al., 2008).

Three studies reported a WM decrease within the cerebellum.
In deaf babies, this WM reduction was either global (Feng et al.,
2018), or limited to the region surrounding the crus II and
lobule IX bilaterally (Smith et al., 2011). In deaf adults, this WM
decrease covered the anterior lobe of the left cerebellum, and
was just below statistical significance when corrected for multiple
comparisons (Shibata, 2007).

A few studies also examined changes in long-range WM fiber
tracts. One study in congenitally deaf adults reported a decrease
of WM volume in the left superior longitudinal fasciculus (SLF)
and left uncinate fasciculi (Meyer et al., 2007), but the effect
disappeared after correction for multiple comparisons. Finally,
two studies that focused on interhemispheric connections of the
corpus callosum failed to show differences related to deafness
(Kara et al., 2006; Leporé et al., 2010a).

In summary, the main modifications in WM in deaf
individuals occurred in the temporal lobes, and more specifically
around the STG which hosts the auditory cortex.

Changes in Cortical Curvature
Only two studies investigated changes in cortical curvature in
the auditory cortex. One study reported a steeper slope of the
posterior Sylvian fissure (Meyer et al., 2014), whereas the second
study failed to find an effect (Penhune et al., 2003).

Results of the Activation Likelihood
Estimation Meta-Analysis
Ten studies met the inclusion criteria for ALE, including the
recent study of McCullough and Emmorey, for a total of
239 deaf subjects (68 children and 171 adults) compared to
289 normal hearing controls (82 children and 207 adults). All
deaf participants except 30 presented with prelingual onset of
deafness. The first dataset that we built gathers the coordinates
of the peaks where deaf subjects showed greater volume than
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the normal hearing control subjects. They concern 30 foci from
five studies (Leporé et al., 2010a; Hribar et al., 2014; Olulade
et al., 2014; Kumar and Mishra, 2018; McCullough and Emmorey,
2021). The second dataset consists of 47 foci of lower volume
in deaf, from eight studies (Kim et al., 2009; Smith et al., 2011;
Li J. et al., 2012; Olulade et al., 2014; Feng et al., 2018; Kumar
and Mishra, 2018; Qi et al., 2019; McCullough and Emmorey,
2021). Despite a relatively low number of studies, the meta-
analysis highlights significant convergence in three clusters where
deaf individuals have lower volume than their normal hearing
controls. There is no cluster of increased volume in deaf subjects
(Figure 7 and Table 1). Two clusters are located in the left
hemisphere and one in the right. The clusters are mainly situated
within the WM of both STG, including the HG, and the adjacent
middle temporal gyrus and insula, and involve Brodmann Areas
13 (insula), 22 (posterior part of the STG, hosting Wernicke’s
area in the left hemisphere) and 41 (anterior part of the HG,
hosting the PAC). However, this coordinate-based meta-analysis
has some potential biases. First, as mentioned above, only ten
papers were included due to missing coordinates, whereas it
is recommended to have at least 20 studies (Eickhoff et al.,
2016). Second, the mix of pediatric and adult study cohorts,
and to a lesser degree the mix of pre- and postlingual deafness,
may increase heterogeneity of the results. Finally, the ALE
methodology does not take into consideration the extent of the
brain modification, leading to a lack of accuracy.

DISCUSSION

Structural Brain Changes in Human
Deafness
Overview of the Results
The three most consistent findings in deaf subjects derived
from our review are (1) a volumetric decrease in WM in
auditory cortex; (2) a volumetric decrease in GM and WM in
visual cortex, particularly in babies and children; and (3) a GM
increase in the right cerebellum. Cortical thickness and curvature
have been studied sparsely in comparison with GM and WM
volume, making it difficult to draw firm conclusions with respect
to these measures.

Unlike a recent meta-analysis (Manno et al., 2021), we have
chosen to focus exclusively on severe and profound congenital
and acquired hearing loss, excluding other degrees of hearing
impairment. A large part of the published studies focused on
plastic changes in early deaf subjects, i.e., congenital and acquired
prelingual deafness, for whom SL is typically the primary
language. On the contrary, most studies on postlingual deafness
include elderly people with only mild to moderate age-related
hearing loss (Manno et al., 2021).

Impact of the Language
As most prelingually deaf adults use SL as their only language,
the comparison with normal hearing subjects can introduce
some bias due to the difficulty in distinguishing the effects of
deafness from those of SL (Cardin et al., 2013). Only a few studies
from our literature review dealt with this issue by including

an extra control group of normal-hearing individuals who were
fluent in SL (Fine et al., 2005; Allen et al., 2008, 2013; Olulade
et al., 2014; McCullough and Emmorey, 2021). These studies
revealed that SL use per se induces brain modifications, especially
in the hand motor region, and in regions involved in visual
processing of faces and hands during SL comprehension (see
in subsequent sections for more details). Furthermore, the age
of SL acquisition also plays a central role in brain morphology,
corroborating the idea of a critical period of language acquisition,
such as for the development of the auditory brain. For example,
the lack of early SL access in case of deafness is responsible
for a GM decrease within the occipital lobe (Pénicaud et al.,
2013) and for microstructural alterations of the arcuate fasciculus
(AF), which is part of the AF-SLF complex (Cheng et al.,
2019). The AF-SLF complex, whose anatomical classification
is still debated, is involved in language processing, as well as
the inferior fronto-occipital fasciculus (IFOF) and the uncinate
fasciculus (Figure 2). More specifically, the IFOF and uncinate
fasciculus belong to the ventral language pathway which plays
a critical role in semantic language processing, goal-oriented
behavior, and visual task switching (Conner et al., 2018). On
the other hand, the AF-SLF complex is part of the dorsal
language pathway that is involved in syntax and speech repetition
(Dick et al., 2014). This dorsal pathway also participates in
the visuospatial attention network, and could more largely be
involved in attentional control across multiple sensory modalities
(Chechlacz et al., 2013). The alteration of the AF-SLF complex
in late SL learners could explain the abnormal development
of neuro-linguistic structures in the brain, affecting especially
grammar and second language acquisition (Skotara et al., 2012).
Indeed, a first language acquired in infancy facilitates the learning
of a second language, independently of the modality of the first
or second language (oral or signed) (Mayberry et al., 2002). This
highlights the great importance of providing language tools to
deaf babies to enable the development of related WM tracts
and facilitating potential further adaptation to another language
modality, for example after CI rehabilitation. Moreover, the
lack of language access is responsible for impaired cognitive
and socioemotional development (Cheng and Mayberry, 2019),
causing cognitive delays, mental health difficulties and lower
quality of life (Hall, 2017).

In summary, the modality of the language and its age of
acquisition have an important impact on brain structure and
function. Indeed, exposure to any language at a young age allows
the normal development of the “language brain,” especially its
white matter bundles. This highlights the importance of hearing
screening to be able to rapidly offer language, either oral after
cochlear implantation or visual. Moreover, further studies are
needed to explore the role of oral and visual language, e.g., SL
and speech reading, on brain anatomy and CI rehabilitation.

Structural Changes in Auditory Brain Areas
The most conspicuous change was a decrease of WM density
within the STG, which hosts the auditory cortex and part of
Wernicke’s speech area, in both children and adults. This finding
is highlighted by the ALE meta-analysis that showed three
clusters of decreased density in the deaf brain, mainly in WM,
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FIGURE 7 | ALE meta-analysis of changes in GM and WM density in the deaf brain. Right hemisphere is shown on the right in the images. The numbers on top of
the slices show the y-coordinates of the coronal slices in MNI space. Three clusters of decreased volume in deaf were found significant, and none of increased
volume (p < 0.01, cluster-level family-wise error p < 0,05). They are situated in both STG and adjacent middle temporal gyrus and insula, and involve mainly WM.
The numbers correspond to those indicated in Table 1.

TABLE 1 | Characteristics of the clusters from the ALE meta-analysis showing decreased volume in deaf subjects.

Clusters Location Tissue type Related BA
(relative weight)

Coordinates of the center
(MNI)

Size (mm3) Contributing studies

x- y- z-

1 R insula,
STG, HG

52% WM 13 (26%), 41 (9%),
22 (7%)

49 −20 8 2152 Kim et al., 2009; Smith et al., 2011;
Olulade et al., 2014; Kumar and
Mishra, 2018

2 L STG, HG 75% WM 41 (16%), 13 (3%) −37 −29 8 2016 Kim et al., 2009; Olulade et al.,
2014; Feng et al., 2018;
McCullough and Emmorey, 2021

3 L STG,
MTG

71% WM 22 (21%), 13 (4%) −50 −20 −4,5 1552 Smith et al., 2011; Olulade et al.,
2014; Kumar and Mishra, 2018

MNI coordinates, P < 0.05 cluster-level FWE. BA, Brodmann area; R, right; L, left; STG, superior temporal gyrus; HG, Heschl’s gyrus; MTG, middle temporal gyrus;
WM, white matter.

around the STG and insula. The results for GM modifications
were more ambiguous. The temporal lobe in prelingually deaf
adults exhibited an increase of GM density in the STG, especially
in the right hemisphere, and bilaterally in the inferior temporal
gyrus. In children, the results were inconsistent, some reporting
increases and others decreases in GM in STG. A recent study
conducted in a large cohort of 94 postlingually deaf adults, not
included in the ALE analysis because of lack of MNI coordinates,
found a global GM decrease in the superior, middle and
inferior temporal cortices (Sun et al., 2021). This study further
showed an interaction between GM changes and duration of
deafness: the decrease in the middle temporal cortices was found
exclusively in participants who had been deaf for more than
10 years, whereas the decrease in the superior temporal cortices
was limited to participants who had been deaf for less than
10 years. In addition to demonstrating that neuroplastic changes
in postlingually deaf subjects evolve with duration of deafness,

authors found correlation between specific GM modifications
and speech comprehension after CI rehabilitation.

The WM decrease combined with the GM increase in
prelingually deaf subjects suggests that early lack of auditory
stimulation interferes with normal cortical GM and WM
maturation in PAC, resulting in less myelination, fewer fibers
projecting to and from auditory cortices, increased and
inadequate axonal pruning, and incomplete neuronal migration
(Emmorey et al., 2003; Penhune et al., 2003; Smith et al.,
2011; Kumar and Mishra, 2018). Diffusion Tensor Imaging
(DTI) studies confirmed the alteration of WM around the
STG in prelingually [see Hribar et al. (2020) for reviews] and
postlingually deaf subjects (Li Y. et al., 2012). More generally,
the different relays of the auditory pathways of early deaf
demonstrated a decrease in fractional anisotropy (Miao et al.,
2013; Hribar et al., 2014; Huang et al., 2015; Wu et al., 2016; Karns
et al., 2017) [see Tarabichi et al. (2018) for a review], which is
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deleterious for CI rehabilitation (Wu et al., 2009; Chang et al.,
2012; Huang et al., 2015). In congenitally deaf teenagers and
adults, decreases in FA were also found in the IFOF, SLF and
uncinate fasciculus (Kim et al., 2009; Miao et al., 2013; Hribar
et al., 2014) [see Simon et al. (2020) for a review], although
to a lesser extent. No such changes have been demonstrated
in pediatric or postlingually deaf individuals. Interestingly, a
recent study found that early language acquisition, whether oral
or signed, enabled the normal development of the different
WM bundles involved in language, whereas microstructural WM
alteration were found within the AF-SLF complex in congenitally
deaf adults with late SL acquisition (Cheng et al., 2019). Taken
together, the modifications of these WM bundles could be due
to oral language deprivation, to SL, or even to early language
deprivation in case of delayed diagnosis of deafness. Furthermore,
the alteration of the AF-SLF complex may be linked to deficits
in executive functions, for instance memory and attention,
demonstrated in deaf children and adults (Kronenberger et al.,
2014; Kramer et al., 2018).

Structural Changes in the Frontal Lobe
Structural changes have been reported in the inferior frontal
gyrus, involved in linguistic and cognitive functions such as text
reading, speech production and working memory (Friederici and
Gierhan, 2013), and also in other parts of the frontal lobe dealing
with cognitive functions or hand movements. However, SL use
seems to play a central role in the brain modifications of the
frontal lobe, and further research with respect to this issue is
needed. The GM increase in the inferior frontal gyri could be
due to increased demand for deciphering oral language through
print and lip-reading, and to increased reliance on visual working
memory processes in the prelingually deaf (Allen et al., 2013).
On the other hand, the volume and microstructure of the WM
was altered in the inferior, middle and superior frontal gyri, as
confirmed by some DTI studies (Chang et al., 2012; Zheng et al.,
2017). This is in line with the alteration of SLF and IFOF, as
discussed above. On the contrary, SL rather induces WM volume
increase in the left precentral and right inferior frontal gyrus
(Olulade et al., 2014).

Surprisingly, a recent meta-regression study (Manno et al.,
2021) concludes that deaf subjects present a GM decrease in the
frontal lobe, which is in contradiction with our results and those
from other reviews (Hribar et al., 2020; Simon et al., 2020).

Structural Changes in the Visual Areas
The occipital cortex is the brain area with the second most
structural modifications related to deafness. Especially in babies
and children, decreases in GM volume and thickness, and to
a lesser extent in WM volume, were observed in primary,
secondary and high-level visual areas. The results in deaf adults
are less consistent, perhaps due to differences in the age of
acquisition of SL. Indeed, as discussed above, prelingually deaf
adults with late SL acquisition present a GM decrease in primary,
secondary and higher order visual association areas, whereas
those with early SL acquisition have increased GM within these
areas (Pénicaud et al., 2013). The important role of SL is
corroborated by a recent study showing that lifelong signing

experience is associated with a reduction in cortical thickness in
the right occipital lobe and with an expansion in the surface area
of the left occipital lobes (McCullough and Emmorey, 2021). This
study also reported an expansion of the surface of the left anterior
temporal lobe in SL users. All these changes were attributed
to the high demands of processing and integration of visual
information from the face and hands during SL comprehension.
The well-documented enhanced peripheral vision of deaf subjects
could also play a role in the modifications in the occipital lobe
(Neville and Lawson, 1987b). However, enhanced peripheral
vision may have a negative effect on central visual attention
and may be responsible for increased distractibility in a central
visual task with peripheral distractors (Quittner et al., 2004;
Bavelier et al., 2006).

The results for the fusiform area are inconsistent, some
authors reporting a GM density increase or decrease, others
a cortical thickness decrease (Li J. et al., 2012; Olulade et al.,
2014; Kumar and Mishra, 2018; Qi et al., 2019), and still others
reporting no changes. The fusiform gyrus is a high-level visual
area involved in face perception, object recognition and reading
(Çukur et al., 2013; Weiner and Zilles, 2016). A DTI study
showed that a decrease in GM or cortical thickness of the
fusiform gyrus is associated with alterations in the IFOF (see
above) and the inferior longitudinal fasciculus (Qi et al., 2019).
Indeed, the inferior longitudinal fasciculus is involved in object
recognition and face perception (Wang et al., 2020). The fact
that the fusiform gyrus shows more GM decreases in the left
compared to the right hemisphere could be explained by the
stronger reliance on phonology and the increased engagement of
the right hemisphere in visual word processing in deaf readers
(Emmorey and Lee, 2021). On the other hand, Kumar and co-
workers showed a GM increase in the fusiform and inferior
temporal gyri which they attributed to a stronger reliance on
ventral and higher visual processing in deaf individuals (Kumar
and Mishra, 2018). Finally, the GM increase in the right lateral
geniculate nucleus could be due to the stronger reliance on visual
information in deaf subjects, which will also be processed in the
right auditory cortex (Finney et al., 2001; Almeida et al., 2015;
Amaral et al., 2016).

Structural Changes in the Cerebellum
Prelingual deafness induces anatomical changes within the
cerebellum, especially a GM increase mostly at the right side in
crus I and II, lobules IV–V and IX–X (Leporé et al., 2010a; Li et al.,
2013; Hribar et al., 2014; Kumar and Mishra, 2018), and a GM
decrease in the left crus II and lobule VIII (Olulade et al., 2014).
The WM volume was decreased in deaf babies, especially around
the crus II and the cerebellar tonsils or lobules IX bilaterally
(Smith et al., 2011; Feng et al., 2018).

The cerebellum is best known for its role in motor control
and planning. The sensorimotor cerebellum is located in anterior
lobules III to V, and in lobules VI and VIII; it is functionally
connected with the contralateral cerebral sensorimotor cortices
(Stoodley and Schmahmann, 2009; Buckner et al., 2011). Since
the hand is represented in lobule V (Grodd et al., 2001), the GM
increase in this area could be explained by increased demands in
fine motor coordination of hand movements during SL.
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The cerebellum also controls balance and posture by
integrating vestibular and sensorimotor inputs. In particular,
vermal lobule IX, lobule X (flocculus and nodulus), and
vermal lobules I and II (lingula) receive afferents from
the vestibule (Stoodley and Schmahmann, 2009). Therefore,
vestibular dysfunction could also induce neuroplastic changes in
the cerebellum of deaf subjects. It is important to notice that more
than 50% of congenitally deaf subject present some vestibular
dysfunction (Kaga et al., 2008). This is not surprising since the
cochlear and vestibular organs share anatomical, histological and
physiological similarities (Cushing et al., 2013).

Finally, the cerebellum is also involved in many cognitive
processes such as verbal working memory, phonological storage,
sound and speech recognition, attention, spatial tasks, visual
perception of motion, speed and direction, and affective
regulation (Ivry and Diener, 1991; Middleton and Strick, 1994;
Glickstein, 2007; Sens and De Almeida, 2007; Grimaldi and
Manto, 2012; Mariën et al., 2014; McLachlan and Wilson,
2017). Some of these higher-level tasks, such as language and
working memory, activate the right posterolateral lobe, which has
increased GM in prelingually deaf (Stoodley and Schmahmann,
2009; Li et al., 2013). In addition to its role in spoken language,
the cerebellum is even more strongly involved in the production
and comprehension of SL (Kassubek et al., 2004; Sakai et al.,
2005). Taken together, the cause of the changes in cerebellar
GM and WM could be multifactorial, and be related to SL
production and comprehension, modified cerebellar auditory
and vestibular processing, deficits in memory and attention,
stronger reliance on higher cognitive tasks such as deciphering
spoken language through lip-reading, the use of visual cues
for emotion recognition (Baumann and Mattingley, 2012) or
visual working memory.

Structural Changes in the Insula
The reported volumetric changes in the insula vary considerably
and range from a GM increase in the posterior left insula (Allen
et al., 2008) to an overall bilateral GM decrease (Olulade et al.,
2014). A recent study reported a GM decrease in the right
insula in postlingual deafness (Sun et al., 2021), a finding which
was confirmed in a meta-analysis and meta-regression study
(Manno et al., 2021). Conflicting results were also reported for the
insular WM, going from a bilateral decrease in deaf compared to
normal hearing signers (Olulade et al., 2014) to a WM increase
in the right insula in SL users (comparison between deaf and
normal hearing signers, and normal hearing non-signers) (Allen
et al., 2008). This suggests that deafness and SL exert different
effects on the insula.

It has been hypothesized that the strong reliance of deaf
individuals on lip-reading and articulatory-based representations
of speech could impact the structure and the function of the
insula (Allen et al., 2008). For instance, fMRI studies highlight
an enhanced connectivity between the insula and auditory cortex
or superior parietal gyrus, which could support the increased
reliance on cross-modal integration in deaf subjects (Ding et al.,
2016; Li et al., 2016). Moreover, deaf subjects show enhanced
recruitment of the insula and thalamus during verbal memory
tasks (Bavelier et al., 2008).

Negative Results
One third of the studies did not find any significant modifications
in brain anatomy. Several hypotheses can be put forward to
explain these negative findings. First, more than half of the
included studies have a sample size of less than 20 subjects
per group, resulting in low statistical power (Smith et al.,
2011; Kim et al., 2014; Li et al., 2015). This is particularly
the case for VBM whole brain analysis that requires larger
numbers of subjects in order to reach statistical significance
(Shibata, 2007). In line with this, studies that have shown
GM changes in the temporal lobe were among those with the
most participants. Second, the use of an univariate approach
(e.g., measure of volume) instead of a multivariate one (e.g.,
measure of cortical thickness, surface, density, and curvature)
reduces the chances to detect modifications, as they focus on
one specific characteristic of brain tissue only (Kim et al., 2014;
Ratnanather, 2020). Third, morphometric analyses like VBM
and tensor-based morphometry (TBM) allow only evaluation of
macrostructural alterations, whereas diffusion imaging enables
to detect microstructural changes in WM. For example, in case
of early deafness, only four out of 17 VBM studies found WM
decrease in the STG, compared to 80% of studies using DTI
(Simon et al., 2020).

Comparison With Animal Model of
Deafness
Brain modifications in deafness have been more consistently
reported in animal studies than in human studies. Some similar
changes have been described in both animal and human studies.
For instance, at the level of the cochlear nuclei, a decrease in
the size of the cell bodies has been reported in histological
studies in both animals and humans (Hultcrantz et al., 1991;
Niparko and Finger, 1997; Hardie and Shepherd, 1999; Chao
et al., 2002). MRI studies in deaf humans reported a decrease
of WM density in the STG which is in line with a volumetric
reduction of the infragranular cell layers of the auditory cortex
in deaf animals, where the efferent fibers derive from. At the
level of the visual cortex, GM volumetric decreases in V1
were consistently reported in deaf animals and in deaf human
babies but not in prelingually deaf adults, possibly due to
the use of sign-language. On the other hand, in contrast to
animal studies, studies in human deaf individuals failed to find
a global atrophy of the PAC. This could be due to the use
of non-invasive imaging techniques in human studies which
are less specific and suffer from a poorer spatial resolution
(Moerel et al., 2014) compared to cytoarchitectonic methods
used in animal studies. Although recent studies using ultrahigh-
field (7 Tesla) multi-modal brain imaging techniques and
novel methods for intersubject alignment have led to better
probabilistic atlases of the human auditory cortex (Gulban
et al., 2020), the exact delimitation of the boundaries of
the human auditory cortex is still unresolved (Hackett et al.,
2001; da Costa et al., 2011; Moerel et al., 2014). Another
potential explanation for the lack of cortical atrophy in the
STG in human studies is the use of visual-based SL instead
of speech, which allows to maintain the language function of
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some specific areas (Neville et al., 1998; Anderson et al., 2017;
Cardin et al., 2020).

Comparison With Visual Deprivation
Brain structural and functional changes following loss of vision
have been studied in far greater detail than those following
auditory deprivation [see Kupers and Ptito (2014) for a review].
These studies highlighted that the deprived visual cortex becomes
sensitive to other sensory modalities, including, tactile, auditory
and olfactory inputs, leading to superior skills in some perceptual
tasks (Bavelier and Neville, 2002; Burton et al., 2003, 2004;
Chebat et al., 2007b; Renier et al., 2014; Araneda et al., 2016).
These functional changes are accompanied with vast structural
changes, including GM volume reductions in the different relays
of the visual pathways, such as the superior colliculus, lateral
geniculate nucleus, posterior pulvinar, primary and secondary
visual cortices (Noppeney et al., 2005; Shimony et al., 2006;
Pan et al., 2007; Ptito et al., 2008; Jiang et al., 2015; Cecchetti
et al., 2016; Touj et al., 2021). The reductions in GM volume
in visual areas could be the result of deprivation-related disuse
(Noppeney et al., 2005; Voss et al., 2014). Reductions in WM of
the visual tracts were reported in the optic nerve, optic chiasm
and optic tract (Noppeney et al., 2005; Shimony et al., 2006;
Pan et al., 2007; Ptito et al., 2008, 2021; Bridge et al., 2009;
Leporé et al., 2010b; Tomaiuolo et al., 2014), the posterior part
of the corpus callosum (Tomaiuolo et al., 2014) and the anterior
commissure (Cavaliere et al., 2020). Several studies also reported
increased cortical thickness of the primary visual cortex in early-
blind subjects (Bridge et al., 2009; Jiang et al., 2009; Voss and
Zatorre, 2012; Qin et al., 2013), which might be explained by a
reduction of synaptic pruning due to lack of visual experience
(Huttenlocher, 1984; Park et al., 2009; Kupers and Ptito, 2014;
Anurova et al., 2015).

Some GM volume increases were also demonstrated outside
the visual areas, for example in hippocampus (Chebat et al.,
2007a; Fortin et al., 2008), sensorimotor areas (Jiang et al.,
2015), the olfactory bulb, olfactory nucleus and piriform cortex
(Rombaux et al., 2010; Touj et al., 2021), amygdala (Touj et al.,
2021), and right inferior parietal cortex (Bauer et al., 2017). On
the other hand, no studies showed structural changes in the
auditory cortex of blind individuals (Noppeney et al., 2005; Pan
et al., 2007; Ptito et al., 2008), except one which found a decrease
in cortical thickness (Park et al., 2009).

Several hypotheses can be put forward to explain why
structural changes are less prominent in case of deafness.
A first explanation is that the visual system takes a much more
prominent role in the human brain compared to audition. An
estimated 30–40% of the cortical mantle is devoted to processing
visual information, compared to only 8% for audition (Wandell
et al., 2007). A second explanation is that studies investigating
congenital blindness nearly all exclude individuals with residual
vision, including light perception. This is in sharp contrast with
studies on (congenital) deafness which uses a less stringent
criterion, defining deafness in case of severe or profound hearing
loss with auditory thresholds greater than 70 dB HL. In other
words, these individuals still have remaining auditory capacities,
although very limited. In this sense, deafness is more reminiscent

to the categories of “low vision” or “legally blind,” i.e., individuals
with a visual acuity of 20/200 or less in the best eye, while wearing
corrective glasses or contacts. Another hypothesis is that the
potential structural modifications in the STG due to auditory
deprivation are limited because this area continues to process
language in the visual modality (Neville et al., 1998; Anderson
et al., 2017; Cardin et al., 2020). Finally, there is ample anatomical
and physiological evidence that auditory processing is strongly
modulated by visual and somatosensory input (Bizley et al., 2007;
Kayser et al., 2008; Smiley and Falchier, 2009; Banks et al., 2011;
Ro et al., 2013; Meredith and Allman, 2015). The integration
of auditory with visual and somatosensory input takes place
at each level of the ascending auditory pathway, including the
cochlear nucleus, inferior colliculus, medial geniculate body and
the auditory cortex [for review: Wu et al. (2015)]. Therefore,
the important multisensory input to auditory brain structures
may explain why auditory brain areas are less affected by
auditory deprivation.

Limitations and Perspectives
The included papers suffer from some limitations which should
be considered in future investigations. First, the included papers
attributed the reported brain modifications to deafness, omitting
the possibility that other factors which can interact with cerebral
morphology, such as etiology of the deafness (e.g., genetic,
infectious, and due to medication), SL and hearing aids use,
vestibular dysfunction, neurocognitive skills, etc. For example,
the use of hearing aids may by itself induce functional and
structural brain changes in auditory and language-related areas,
the associative regions and the cerebellum (Li et al., 2013; Pereira-
Jorge et al., 2018). Second, the exclusive reliance on non-oral
communication in the prelingually deaf makes it difficult to
match the deaf and control populations in terms of psychosocial
and socio-economic variables. Indeed, most tools used for
intellectual evaluation are based on oral communication, and
moreover deaf subjects have less opportunities of professional
training and inclusion. Third, some of the sample sizes are low
which reduces the statistical power. Finally, whereas various
metrics can be taken in morphometric analyses, such as volume,
surface, cortical thickness, and curvature, most of the papers
focused on an univariate approach. Although these metrics
are interrelated (f.i., cortical volume is the product of cortical
surface and thickness), they measure different aspects of the
same cerebral region; the measure of cortical thickness and
surface independently provides the best appreciation of the brain
modifications (Ratnanather, 2020).

This review has also its proper limitations. First, the
existing literature meeting our inclusion criteria concerned
almost exclusively studies in prelingually deaf subjects, at the
detriment of the postlingually deaf population. The study of
prelingually deaf population presents some advantages linked to
the homogeneity of this population with respect to the age of
onset of deafness, the severity of the hearing loss, and the use of
SL as primary language in absence of effective hearing aids. Mild
to moderate hearing loss in the aging population has been more
frequently studied, but studies of severe to profound hearing
loss are lacking. This is more surprising since this population
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is larger than the prelingually deaf population (Ratnanather,
2020), and will continue to grow due to an aging population.
In this specific group, the frequent association with dementia
or tinnitus should also not be forgotten. A second limitation of
our review is the choice to concentrate on macrostructural brain
modifications using 3D-T1-weighted MRI. Indeed, diffusion
imaging provides more qualitative and quantitative information
about WM microstructure. A third limitation relates to the
absence of well-established anatomical limits of functional
regions; these can differ from one brain atlas to another. Inter-
individual variability in brain anatomy can also complicate the
comparisons. For instance, in case of duplicated HG, authors
considered that the PAC was situated on the most anterior gyri,
while it has since been demonstrated that it spans both divisions
of HG (da Costa et al., 2011). When hand-drawn ROIs are used,
the delineation of anatomical areas is also susceptible to be biased
by assumptions of what form the ROI should have (Shibata,
2007; Li J. et al., 2012). The use of stereotactic coordinates is
certainly the most accurate method, and these one should be
shared in the papers.

This review demonstrates that severe to profound prelingually
deafness is responsible of structural brain modifications mainly
but not limited to the temporal lobe. Our results are also of
clear clinical interest, since brain plastic changes can facilitate,
or complicate, CI auditory rehabilitation [for example Feng
et al. (2018) or Sun et al. (2021)]. In contrast, regions
unaffected by deafness, such as the fronto-parietal network
and dorsal lateral or medial prefrontal cortex, showed a high
predictive power. Another example where brain plasticity can
predict CI outcome concerns lip-reading abilities. The use of
lipreading, instead of written language, allows to maintain
phonological representations and left hemispheric language
specialization, which further increase speech comprehension
(Lazard and Giraud, 2017). This teaches us that lip-reading
must be encouraged in the deaf population. It would be very
interesting to correlate this finding with structural or functional
brain imaging. Finally, diffusion and functional imaging can
also give some predictive factors of the speech outcomes with
a CI. For example, preoperative inferior colliculus FA values
correlate positively with postoperative auditory performance in
deaf children (Wang et al., 2019). These examples highlight the
potential contribution of pre-operative MRI to CI professionals
as a clinical outcome prediction tool. It can also guide clinicians
to adapt their strategy of care, for example by training lip-reading
to avoid maladaptive plasticity.

CONCLUSION

Severe to profound deafness induces modifications of both
brain GM and WM characteristics. The major modifications

are a WM decrease around the auditory cortex, the occipital
lobe and the cerebellum, a GM decrease in the occipital
lobe of the deaf pediatric population, and a GM increase
of the right cerebellum. Different measures (volume, surface,
curvature, and cortical thickness) and methods (VBM, TBM,
and DTI) should be combined to create a more comprehensive
view of the brain modifications. Deaf subjects must be
better categorized to dissociate brain changes due to deafness
from those of sign language use, age of SL acquisition, lip-
reading abilities, etiology of deafness, use of hearing aids,
and vestibular dysfunction. More attention needs to be paid
to structural changes in postlingual deafness which affects
the vast majority of the deaf and aging population in
western countries.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

AG did the literature review and wrote the first draft of the
manuscript. AG, ND, and RK wrote the final version of the
manuscript. All authors contributed to conception and design
of the study, manuscript revision, read, and approved the
submitted version.

FUNDING

This literature review is part of a research project supported by
the “Fund for Clinical Research” of the Academic Hospital of
Saint-Luc in Brussels and the Rotary Club Mechelen, in Belgium.

ACKNOWLEDGMENTS

Figures 2, 3, and 6 were created with BioRender.com.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2022.850245/full#supplementary-material

REFERENCES
Aitkin, L., Kenyon, C., and Philpott, P. (1981). The representation of the auditory

and somatosensory systems in the external nucleus of the cat inferior colliculus.
J. Comp. Neurol. 196, 25–40. doi: 10.1002/cne.901960104

Allen, J. S., Emmorey, K., Bruss, J., and Damasio, H. (2008). Morphology of the
insula in relation to hearing status and sign language experience. J. Neurosci.
28, 11900–11905. doi: 10.1523/JNEUROSCI.3141-08.2008

Allen, J. S., Emmorey, K., Bruss, J., and Damasio, H. (2013). Neuroanatomical
differences in visual, motor, and language cortices between congenitally deaf

Frontiers in Neuroscience | www.frontiersin.org 16 March 2022 | Volume 16 | Article 850245

https://biorender.com/
https://www.frontiersin.org/articles/10.3389/fnins.2022.850245/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2022.850245/full#supplementary-material
https://doi.org/10.1002/cne.901960104
https://doi.org/10.1523/JNEUROSCI.3141-08.2008
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-850245 March 22, 2022 Time: 15:2 # 17

Grégoire et al. Brain Modifications in Congenital and Acquired Deafness

signers, hearing signers, and hearing non-signers. Front. Neuroanat. 7:26. doi:
10.3389/fnana.2013.00026

Allman, B. L., Keniston, L. P., and Meredith, M. A. (2009). Adult deafness induces
somatosensory conversion of ferret auditory cortex. Proc. Natl. Acad. Sci. U.S.A.
106, 5925–5930. doi: 10.1073/pnas.0809483106

Almeida, J., He, D., Chen, Q., Mahon, B. Z., Zhang, F., Gonçalves, ÓF., et al.
(2015). Decoding visual location from neural patterns in the auditory cortex
of the congenitally deaf. Psychol. Sci. 26, 1771–1782. doi: 10.1177/09567976155
98970

Amaral, L., Ganho-Ávila, A., Osório, A., Soares, M. J., He, D., Chen, Q., et al. (2016).
Hemispheric asymmetries in subcortical visual and auditory relay structures in
congenital deafness. Eur. J. Neurosci. 44, 2334–2339. doi: 10.1111/ejn.13340

Anderson, C. A., Lazard, D. S., and Hartley, D. E. H. (2017). Plasticity in bilateral
superior temporal cortex: effects of deafness and cochlear implantation on
auditory and visual speech processing. Hear. Res. 343, 138–149. doi: 10.1016/
j.heares.2016.07.013

Anurova, I., Renier, L. A., De Volder, A. G., Carlson, S., and Rauschecker, J. P.
(2015). Relationship between cortical thickness and functional activation in the
early blind. Cereb. Cortex 25, 2035–2048. doi: 10.1093/cercor/bhu009

Araneda, R., Renier, L. A., Rombaux, P., Cuevas, I., and De Volder, A. G.
(2016). Cortical plasticity and olfactory function in early blindness. Front. Syst.
Neurosci. 10:75. doi: 10.3389/fnsys.2016.00075

Arnold, P., and Murray, C. (1998). Memory for faces and objects by deaf and
hearing signers and hearing nonsigners. J. Psycholinguist. Res. 27, 481–497.
doi: 10.1023/A:1023277220438

Banks, M. I., Uhlrich, D. J., Smith, P. H., Krause, B. M., and Manning, K. A. (2011).
Descending projections from extrastriate visual cortex modulate responses of
cells in primary auditory cortex. Cereb. Cortex 21, 2620–2638. doi: 10.1093/
cercor/bhr048

Barone, P., Chambaudie, L., Strelnikov, K., Fraysse, B., Marx, M., Belin, P., et al.
(2016). Crossmodal interactions during non-linguistic auditory processing in
cochlear-implanted deaf patients. Cortex 83, 259–270. doi: 10.1016/j.cortex.
2016.08.005

Barone, P., Lacassagne, L., and Kral, A. (2013). Reorganization of the connectivity
of cortical field DZ in congenitally deaf cat. PLoS One 8:e60093. doi: 10.1371/
journal.pone.0060093

Bauer, C. M., Hirsch, G. V., Zajac, L., Koo, B. B., Collignon, O., and Merabet, L. B.
(2017). Multimodal MR-imaging reveals large-scale structural and functional
connectivity changes in profound early blindness. PLoS One 12:e0173064. doi:
10.1371/journal.pone.0173064

Baumann, O., and Mattingley, J. B. (2012). Functional topography of primary
emotion processing in the human cerebellum. Neuroimage 61, 805–811. doi:
10.1016/j.neuroimage.2012.03.044

Bavelier, D., Dye, M. W. G., and Hauser, P. C. (2006). Do deaf people see better?
Trends Cogn. Sci. 10, 512–518. doi: 10.1016/j.tics.2006.09.006.Do

Bavelier, D., and Neville, H. J. (2002). Cross-modal plasticity: where and how? Nat.
Rev. Neurosci. 3, 443–452. doi: 10.1038/nrn848

Bavelier, D., Newman, A. J., Mukherjee, M., Hauser, P., Kemeny, S., Braun, A., et al.
(2008). Encoding, rehearsal, and recall in signers and speakers: shared network
but differential engagement. Cereb. Cortex 18, 2263–2274. doi: 10.1093/cercor/
bhm248

Bavelier, D., Tomann, A., Hutton, C., Mitchell, T., Corina, D., Liu, G., et al. (2000).
Visual attention to the periphery is enhanced in congenitally deaf individuals.
J. Neurosci. 20:RC93. doi: 10.1523/JNEUROSCI.20-17-j0001.2000

Berger, C., Kühne, D., Scheper, V., and Kral, A. (2017). Congenital deafness affects
deep layers in primary and secondary auditory cortex. J. Comp. Neurol. 525,
3110–3125. doi: 10.1002/cne.24267

Bizley, J. K., Nodal, F. R., Bajo, V. M., Nelken, I., and King, A. J. (2007).
Physiological and anatomical evidence for multisensory interactions in auditory
cortex. Cereb. Cortex 17, 2172–2189. doi: 10.1093/cercor/bhl128

Blamey, P., Arndt, P., Bergeron, F., Bredberg, G., Brimacombe, J., Facer, G.,
et al. (1996). Factors affecting auditory performances of postlinguistically deaf
adults using cochlear implants. Audiol. Neuro Otol. 1, 293–306. doi: 10.1159/
000259212

Bridge, H., Cowey, A., Ragge, N., and Watkins, K. (2009). Imaging studies in
congenital anophthalmia reveal preservation of brain architecture in “visual”
cortex. Brain 132, 3467–3480. doi: 10.1093/brain/awp279

Buchsbaum, B., Pickell, B., Love, T., Hatrak, M., Bellugi, U., and Hickok, G. (2015).
Neural substrates for verbal working memory in deaf signers: fMRI study and
lesion case report. Brain Lang. 95, 265–272. doi: 10.1016/j.bandl.2005.01.009

Buckner, R. L., Krienen, F. M., Castellanos, A., Diaz, J. C., and Thomas Yeo,
B. T. (2011). The organization of the human cerebellum estimated by intrinsic
functional connectivity. J. Neurophysiol. 106, 2322–2345. doi: 10.1152/jn.00339.
2011.-The

Burdach, K. (1829). Vom Baue und Leben des Gehirns. Leipzig: Dyk.
Burton, H., Diamond, J. B., and McDermott, K. B. (2003). Dissociating cortical

regions activated by semantic and phonological tasks: a fMRI study in blind
and sighted people. J. Neurophysiol. 90, 1965–1982. doi: 10.1152/jn.00279.2003

Burton, H., Sinclair, R. J., and McLaren, D. G. (2004). Cortical activity to
vibrotactile stimulation: an fMRI study in blind and sighted individuals. Hum.
Brain Mapp. 23, 210–228. doi: 10.1002/hbm.20064

Butler, B. E., and Lomber, S. G. (2013). Functional and structural changes
throughout the auditory system following congenital and early-onset deafness:
implications for hearing restoration. Front. Syst. Neurosci. 7:92. doi: 10.3389/
fnsys.2013.00092

Butler, B. E., Meredith, M. A., and Lomber, S. G. (2017). Editorial introduction:
special issue on plasticity following hearing loss and deafness. Hear. Res. 343,
1–3. doi: 10.1016/j.heares.2016.10.014

Campbell, J., and Sharma, A. (2014). Cross-modal re-organization in adults with
early stage hearing loss. PLoS One 9:e90594. doi: 10.1371/journal.pone.0090594

Cardin, V., Grin, K., Vinogradova, V., and Manini, B. (2020). Crossmodal
reorganisation in deafness: mechanisms for functional preservation and
functional change. Neurosci. Biobehav. Rev. 113, 227–237. doi: 10.1016/j.
neubiorev.2020.03.019

Cardin, V., Orfanidou, E., Rönnberg, J., Capek, C. M., Rudner, M., and Woll, B.
(2013). Dissociating cognitive and sensory neural plasticity in human superior
temporal cortex. Nat. Commun. 4:1473. doi: 10.1038/ncomms2463

Cardin, V., Smittenaar, R. C., Orfanidou, E., Rönnberg, J., Capek, C. M., Rudner,
M., et al. (2016). Differential activity in Heschl’s gyrus between deaf and hearing
individuals is due to auditory deprivation rather than language modality.
Neuroimage 124, 96–106. doi: 10.1016/j.neuroimage.2015.08.073

Cavaliere, C., Aiello, M., Soddu, A., Laureys, S., Reislev, N. L., Ptito, M., et al. (2020).
Organization of the commissural fiber system in congenital and late-onset
blindness. Neuroimage Clin. 25:102133. doi: 10.1016/j.nicl.2019.102133

Cecchetti, L., Ricciardi, E., Handjaras, G., Kupers, R., Ptito, M., and Pietrini,
P. (2016). Congenital blindness affects diencephalic but not mesencephalic
structures in the human brain. Brain Struct. Funct. 221, 1465–1480. doi: 10.
1007/s00429-014-0984-5

Chabot, N., Butler, B. E., and Lomber, S. G. (2015). Differential modification of
cortical and thalamic projections to cat primary auditory cortex following early-
and late-onset deafness. J. Comp. Neurol. 523, 2297–2320. doi: 10.1002/cne.
23790

Chang, Y., Lee, H.-R., Paik, J.-S., Lee, K.-Y., and Lee, S.-H. (2012). Voxel-
wise analysis of diffusion tensor imaging for clinical outcome of cochlear
implantation: retrospective study. Clin. Exp. Otorhinolaryngol. 5, S37–S42. doi:
10.3342/ceo.2012.5.S1.S37

Chao, T. K., Burgess, B. J., Eddington, D. K., and Nadol, J. B. (2002). Morphometric
changes in the cochlear nucleus in patients who had undergone cochlear
implantation for bilateral profound deafness. Hear. Res. 174, 196–205. doi:
10.1016/S0378-5955(02)00694-9

Chebat, D. R., Chen, J. K., Schneider, F., Ptito, A., Kupers, R., and Ptito, M.
(2007a). Alterations in right posterior hippocampus in early blind individuals.
Neuroreport 18, 329–333. doi: 10.1097/WNR.0b013e32802b70f8

Chebat, D. R., Rainville, C., Kupers, R., and Ptito, M. (2007b). Tactile-‘visual’
acuity of the tongue in early blind individuals. Neuroreport 18, 1901–1904.
doi: 10.1097/WNR.0b013e3282f2a63

Chechlacz, M., Rotshtein, P., Hansen, P. C., Deb, S., Riddoch, M. J., and
Humphreys, G. W. (2013). The central role of the temporo-parietal junction
and the superior longitudinal fasciculus in supporting multi-item competition:
evidence from lesion-symptom mapping of extinction. Cortex 49, 487–506.
doi: 10.1016/j.cortex.2011.11.008

Cheng, Q., and Mayberry, R. I. (2019). Acquiring a first language in adolescence:
the case of basic word order in American Sign Language. J. Child Lang. 46,
214–240. doi: 10.1017/S0305000918000417

Frontiers in Neuroscience | www.frontiersin.org 17 March 2022 | Volume 16 | Article 850245

https://doi.org/10.3389/fnana.2013.00026
https://doi.org/10.3389/fnana.2013.00026
https://doi.org/10.1073/pnas.0809483106
https://doi.org/10.1177/0956797615598970
https://doi.org/10.1177/0956797615598970
https://doi.org/10.1111/ejn.13340
https://doi.org/10.1016/j.heares.2016.07.013
https://doi.org/10.1016/j.heares.2016.07.013
https://doi.org/10.1093/cercor/bhu009
https://doi.org/10.3389/fnsys.2016.00075
https://doi.org/10.1023/A:1023277220438
https://doi.org/10.1093/cercor/bhr048
https://doi.org/10.1093/cercor/bhr048
https://doi.org/10.1016/j.cortex.2016.08.005
https://doi.org/10.1016/j.cortex.2016.08.005
https://doi.org/10.1371/journal.pone.0060093
https://doi.org/10.1371/journal.pone.0060093
https://doi.org/10.1371/journal.pone.0173064
https://doi.org/10.1371/journal.pone.0173064
https://doi.org/10.1016/j.neuroimage.2012.03.044
https://doi.org/10.1016/j.neuroimage.2012.03.044
https://doi.org/10.1016/j.tics.2006.09.006.Do
https://doi.org/10.1038/nrn848
https://doi.org/10.1093/cercor/bhm248
https://doi.org/10.1093/cercor/bhm248
https://doi.org/10.1523/JNEUROSCI.20-17-j0001.2000
https://doi.org/10.1002/cne.24267
https://doi.org/10.1093/cercor/bhl128
https://doi.org/10.1159/000259212
https://doi.org/10.1159/000259212
https://doi.org/10.1093/brain/awp279
https://doi.org/10.1016/j.bandl.2005.01.009
https://doi.org/10.1152/jn.00339.2011.-The
https://doi.org/10.1152/jn.00339.2011.-The
https://doi.org/10.1152/jn.00279.2003
https://doi.org/10.1002/hbm.20064
https://doi.org/10.3389/fnsys.2013.00092
https://doi.org/10.3389/fnsys.2013.00092
https://doi.org/10.1016/j.heares.2016.10.014
https://doi.org/10.1371/journal.pone.0090594
https://doi.org/10.1016/j.neubiorev.2020.03.019
https://doi.org/10.1016/j.neubiorev.2020.03.019
https://doi.org/10.1038/ncomms2463
https://doi.org/10.1016/j.neuroimage.2015.08.073
https://doi.org/10.1016/j.nicl.2019.102133
https://doi.org/10.1007/s00429-014-0984-5
https://doi.org/10.1007/s00429-014-0984-5
https://doi.org/10.1002/cne.23790
https://doi.org/10.1002/cne.23790
https://doi.org/10.3342/ceo.2012.5.S1.S37
https://doi.org/10.3342/ceo.2012.5.S1.S37
https://doi.org/10.1016/S0378-5955(02)00694-9
https://doi.org/10.1016/S0378-5955(02)00694-9
https://doi.org/10.1097/WNR.0b013e32802b70f8
https://doi.org/10.1097/WNR.0b013e3282f2a63
https://doi.org/10.1016/j.cortex.2011.11.008
https://doi.org/10.1017/S0305000918000417
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-850245 March 22, 2022 Time: 15:2 # 18

Grégoire et al. Brain Modifications in Congenital and Acquired Deafness

Cheng, Q., Roth, A., Halgren, E., and Mayberry, R. I. (2019). Effects of early
language deprivation on brain connectivity: language pathways in deaf native
and late first-language learners of American Sign Language. Front. Hum.
Neurosci. 13:320. doi: 10.3389/fnhum.2019.00320

Clemo, H. R., Lomber, S. G., and Meredith, M. A. (2016). Synaptic basis for cross-
modal plasticity: enhanced supragranular dendritic spine density in anterior
ectosylvian auditory cortex of the early deaf cat. Cereb. Cortex 26, 1365–1376.
doi: 10.1093/cercor/bhu225

Clemo, H. R., Lomber, S. G., and Meredith, M. A. (2017). Synaptic distribution
and plasticity in primary auditory cortex (A1) exhibits laminar and cell-specific
changes in the deaf. Hear. Res. 353, 122–134. doi: 10.1016/j.heares.2017.06.009

Conner, A. K., Briggs, R. G., Sali, G., Rahimi, M., Baker, C. M., Burks, J. D.,
et al. (2018). A connectomic atlas of the human cerebrum-chapter 13:
tractographic description of the inferior fronto-occipital fasciculus. Oper.
Neurosurg. (Hagerstown, Md.) 15, S436–S443. doi: 10.1093/ons/opy267

Çukur, T., Huth, A. G., Nishimoto, S., and Gallant, J. L. (2013). Functional
subdomains within human FFA. J. Neurosci. 33, 16748–16766. doi: 10.1523/
JNEUROSCI.1259-13.2013

Cushing, S. L., Gordon, K. A., Rutka, J. A., James, A. L., and Papsin, B. C. (2013).
Vestibular end-organ dysfunction in children with sensorineural hearing loss
and cochlear implants: an expanded cohort and etiologic assessment. Otol.
Neurotol. 34, 422–428. doi: 10.1097/MAO.0b013e31827b4ba0

da Costa, S., van der Zwaag, W., Marques, J. P., Frackowiak, R. S. J., Clarke, S., and
Saenz, M. (2011). Human primary auditory cortex follows the shape of Heschl’s
Gyrus. J. Neurosci. 31, 14067–14075. doi: 10.1523/JNEUROSCI.2000-11.2011

Dettman, S., Choo, D., Au, A., Luu, A., and Dowell, R. (2021). Speech perception
and language outcomes for infants receiving cochlear implants before or after
9 months of age: use of category-based aggregation of data in an unselected
pediatric cohort. J. Speech Lang. Hear. Res. 64, 1023–1039. doi: 10.1044/2020_
JSLHR-20-00228

Diamond, D., and Weinberger, N. (1984). Physiological plasticity of single neurons
in auditory cortex of the cat during acquisition of the pupillary conditioned
response: II. Secondary field (AII). Behav. Neurosci. 98, 189–210. doi: 10.1037/
0735-7044.98.2.189

Dick, A., Bernal, B., and Tremblay, P. (2014). The language connectome:
new pathways, new concepts. Neuroscientist 20, 453–467. doi: 10.1177/
1073858413513502

Ding, H., Ming, D., Wan, B., Li, Q., Qin, W., and Yu, C. (2016). Enhanced
spontaneous functional connectivity of the superior temporal gyrus in early
deafness. Sci. Rep. 6:23239. doi: 10.1038/srep23239

Ding, H., Qin, W., Liang, M., Ming, D., Wan, B., Li, Q., et al. (2015). Cross-modal
activation of auditory regions during visuo-spatial working memory in early
deafness. Brain 138, 2750–2765. doi: 10.1093/brain/awv165

Eickhoff, S. B., Bzdok, D., Laird, A. R., Kurth, F., and Fox, P. T. (2012). Activation
likelihood estimation meta-analysis revisited. Neuroimage 59, 2349–2361. doi:
10.1016/j.neuroimage.2011.09.017

Eickhoff, S. B., Laird, A. R., Grefkes, C., Wang, L. E., Zilles, K., and Fox, P. T.
(2009). Coordinate-based activation likelihood estimation meta-analysis of
neuroimaging data: a random-effects approach based on empirical estimates of
spatial uncertainty. Hum. Brain Mapp. 30, 2907–2926. doi: 10.1002/hbm.20718

Eickhoff, S. B., Nichols, T. E., Laird, A. R., Hoffstaedter, F., Amunts, K., Fox, P. T.,
et al. (2016). Behavior, sensitivity, and power of activation likelihood estimation
characterized by massive empirical simulation. Neuroimage 137, 70–85. doi:
10.1016/j.neuroimage.2016.04.072

Emmorey, K., Allen, J. S., Bruss, J., Schenker, N., and Damasio, H. (2003). A
morphometric analysis of auditory brain regions in congenitally deaf adults.
Proc. Natl. Acad. Sci. U.S.A. 100, 10049–10054. doi: 10.1073/pnas.1730169100

Emmorey, K., and Lee, B. (2021). The neurocognitive basis of skilled reading in
prelingually and profoundly deaf adults. Lang. Linguist. Compass 15, e12407.
doi: 10.1111/lnc3.12407

Fayad, J., Linthicum, F. Jr., Otto, S., Galey, F., and House, W. (1991). Cochlear
implants: histopathologic findings related to performance in 16 human
temporal bones. Ann. Otol. Rhinol. Laryngol. 100, 807–811. doi: 10.1177/
000348949110001004

Feng, G., Ingvalson, E. M., Grieco-Calub, T. M., Roberts, M. Y., Ryan,
M. E., Birmingham, P., et al. (2018). Neural preservation underlies speech
improvement from auditory deprivation in young cochlear implant recipients.
Proc. Natl. Acad. Sci. U.S.A. 115, 1022–1031. doi: 10.1073/pnas.1717603115

Fine, I., Finney, E. M., Boynton, G. M., and Dobkins, K. R. (2005). Comparing the
effects of auditory deprivation and sign language within the auditory and visual
cortex. J. Cogn. Neurosci. 17, 1621–1637. doi: 10.1162/089892905774597173

Finney, E. M., Clementz, B. A., Hickok, G., and Dobkins, K. R. (2003).
Visual stimuli activate auditory cortex in deaf subjects: evidence from MEG.
Neuroreport 14, 1425–1427. doi: 10.1097/00001756-200308060-00004

Finney, E. M., Fine, I., and Dobkins, K. R. (2001). Visual stimuli activate auditory
cortex in the deaf. Nat. Neurosci. 4, 1171–1173. doi: 10.1038/nn763

Fortin, M., Voss, P., Lord, C., Lassonde, M., Pruessner, J., Saint-Amour, D., et al.
(2008). Wayfinding in the blind: larger hippocampal volume and supranormal
spatial navigation. Brain 131, 2995–3005. doi: 10.1093/brain/awn250

Friederici, A. D., and Gierhan, S. M. E. (2013). The language network. Curr. Opin.
Neurobiol. 23, 250–254. doi: 10.1016/j.conb.2012.10.002

Fulcher, A., Purcell, A. A., Baker, E., and Munro, N. (2012). Listen up: children with
early identified hearing loss achieve age-appropriate speech/language outcomes
by 3years-of-age. Int. J. Pediatr. Otorhinolaryngol. 76, 1785–1794. doi: 10.1016/
j.ijporl.2012.09.001

Gaylor, J. M., Raman, G., Chung, M., Lee, J., Rao, M., Lau, J., et al. (2013).
Cochlear implantation in adults: a systematic review and meta-analysis. JAMA
Otolaryngol. Head Neck Surg. 139, 265–272. doi: 10.1001/jamaoto.2013.1744

Glickstein, M. (2007). What does the cerebellum really do? Curr. Biol. 17, 824–827.
doi: 10.1016/j.cub.2007.08.009

Griffiths, T. D., Lad, M., Kumar, S., Holmes, E., McMurray, B., Maguire, E. A.,
et al. (2020). How can hearing loss cause dementia? Neuron 108, 401–412.
doi: 10.1016/j.neuron.2020.08.003

Grimaldi, G., and Manto, M. (2012). Topography of cerebellar deficits in humans.
Cerebellum 11, 336–351. doi: 10.1007/s12311-011-0247-4

Grodd, W., Hülsmann, E., Lotze, M., Wildgruber, D., and Erb, M. (2001).
Sensorimotor mapping of the human cerebellum: fMRI evidence of
somatotopic organization. Hum. Brain Mapp. 13, 55–73. doi: 10.1002/
hbm.1025

Gulban, O. F., Goebel, R., Moerel, M., Zachlod, D., Mohlberg, H., Amunts, K.,
et al. (2020). Improving a probabilistic cytoarchitectonic atlas of auditory cortex
using a novel method for inter-individual alignment. Elife 9:e56963. doi: 10.
7554/ELIFE.56963

Hackett, T. A., Preuss, T. M., and Kaas, J. H. (2001). Architectonic identification
of the core region in auditory cortex of macaques, chimpanzees, and humans.
J. Comp. Neurol. 441, 197–222. doi: 10.1002/cne.1407

Hall, W. C. (2017). What you don’t know can hurt you: the risk of language
deprivation by impairing sign language development in deaf children. Matern.
Child Health J. 21, 961–965. doi: 10.1007/s10995-017-2287-y

Han, J. H., Lee, H. J., Kang, H., Oh, S. H., and Lee, D. S. (2019). Brain plasticity
can predict the cochlear implant outcome in adult-onset deafness. Front. Hum.
Neurosci. 13:38. doi: 10.3389/fnhum.2019.00038

Hardie, N. A., and Shepherd, R. K. (1999). Sensorineural hearing loss during
development: morphological and physiological response of the cochlea and
auditory brainstem. Hear. Res. 128, 147–165. doi: 10.1016/S0378-5955(98)
00209-3

Hartling, L., Milne, A., Hamm, M. P., Vandermeer, B., Ansari, M., Tsertsvadze,
A., et al. (2013). Testing the Newcastle Ottawa Scale showed low reliability
between individual reviewers. J. Clin. Epidemiol. 66, 982–993. doi: 10.1016/j.
jclinepi.2013.03.003

Hartmann, R., Shepherd, R., Heid, S., and Klinke, R. (1997). Response of the
primary auditory cortex to electrical stimulation of the auditory nerve in
the congenitally deaf white cat. Hear Res. 112, 115–133. doi: 10.1016/s0378-
5955(97)00114-7

Hauthal, N., Sandmann, P., Debener, S., and Thome, J. D. (2013). Visual movement
perception in deaf and hearing individuals. Adv. Cogn. Psychol. 9, 53–61. doi:
10.2478/V10053-008-0131-Z

Heid, S., Hartmann, R., and Klinke, R. (1998). A model for prelingual deafness, the
congenitally deaf white cat – population statistics and degenerative changes.
Hear. Res. 115, 101–112. doi: 10.1016/S0378-5955(97)00182-2

Howick, J., Chalmers, I., Glasziou, P., Greenhalgh, T., Heneghan, C., Liberati, A.,
et al. (2011). The Oxford 2011 Levels of Evidence. Oxford: Centre Evidence-
Based Medicine.

Hribar, M., Šuput, D., Battelino, S., and Vovk, A. (2020). Review article: structural
brain alterations in prelingually deaf. Neuroimage 220:117042. doi: 10.1016/j.
neuroimage.2020.117042

Frontiers in Neuroscience | www.frontiersin.org 18 March 2022 | Volume 16 | Article 850245

https://doi.org/10.3389/fnhum.2019.00320
https://doi.org/10.1093/cercor/bhu225
https://doi.org/10.1016/j.heares.2017.06.009
https://doi.org/10.1093/ons/opy267
https://doi.org/10.1523/JNEUROSCI.1259-13.2013
https://doi.org/10.1523/JNEUROSCI.1259-13.2013
https://doi.org/10.1097/MAO.0b013e31827b4ba0
https://doi.org/10.1523/JNEUROSCI.2000-11.2011
https://doi.org/10.1044/2020_JSLHR-20-00228
https://doi.org/10.1044/2020_JSLHR-20-00228
https://doi.org/10.1037/0735-7044.98.2.189
https://doi.org/10.1037/0735-7044.98.2.189
https://doi.org/10.1177/1073858413513502
https://doi.org/10.1177/1073858413513502
https://doi.org/10.1038/srep23239
https://doi.org/10.1093/brain/awv165
https://doi.org/10.1016/j.neuroimage.2011.09.017
https://doi.org/10.1016/j.neuroimage.2011.09.017
https://doi.org/10.1002/hbm.20718
https://doi.org/10.1016/j.neuroimage.2016.04.072
https://doi.org/10.1016/j.neuroimage.2016.04.072
https://doi.org/10.1073/pnas.1730169100
https://doi.org/10.1111/lnc3.12407
https://doi.org/10.1177/000348949110001004
https://doi.org/10.1177/000348949110001004
https://doi.org/10.1073/pnas.1717603115
https://doi.org/10.1162/089892905774597173
https://doi.org/10.1097/00001756-200308060-00004
https://doi.org/10.1038/nn763
https://doi.org/10.1093/brain/awn250
https://doi.org/10.1016/j.conb.2012.10.002
https://doi.org/10.1016/j.ijporl.2012.09.001
https://doi.org/10.1016/j.ijporl.2012.09.001
https://doi.org/10.1001/jamaoto.2013.1744
https://doi.org/10.1016/j.cub.2007.08.009
https://doi.org/10.1016/j.neuron.2020.08.003
https://doi.org/10.1007/s12311-011-0247-4
https://doi.org/10.1002/hbm.1025
https://doi.org/10.1002/hbm.1025
https://doi.org/10.7554/ELIFE.56963
https://doi.org/10.7554/ELIFE.56963
https://doi.org/10.1002/cne.1407
https://doi.org/10.1007/s10995-017-2287-y
https://doi.org/10.3389/fnhum.2019.00038
https://doi.org/10.1016/S0378-5955(98)00209-3
https://doi.org/10.1016/S0378-5955(98)00209-3
https://doi.org/10.1016/j.jclinepi.2013.03.003
https://doi.org/10.1016/j.jclinepi.2013.03.003
https://doi.org/10.1016/s0378-5955(97)00114-7
https://doi.org/10.1016/s0378-5955(97)00114-7
https://doi.org/10.2478/V10053-008-0131-Z
https://doi.org/10.2478/V10053-008-0131-Z
https://doi.org/10.1016/S0378-5955(97)00182-2
https://doi.org/10.1016/j.neuroimage.2020.117042
https://doi.org/10.1016/j.neuroimage.2020.117042
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-850245 March 22, 2022 Time: 15:2 # 19

Grégoire et al. Brain Modifications in Congenital and Acquired Deafness

Hribar, M., Šuput, D., Carvalho, A. A., Battelino, S., and Vovk, A. (2014). Structural
alterations of brain grey and white matter in early deaf adults. Hear. Res. 318,
1–10. doi: 10.1016/j.heares.2014.09.008

Huang, L., Zheng, W., Wu, C., Wei, X., Wu, X., Wang, Y., et al. (2015). Diffusion
tensor imaging of the auditory neural pathway for clinical outcome of cochlear
implantation in pediatric congenital sensorineural hearing loss patients. PLoS
One 10:e0140643. doi: 10.1371/journal.pone.0140643

Hultcrantz, M., Snyder, R., Rebscher, S., and Leake, P. (1991). Effects of neonatal
deafening and chronic intracochlear electrical stimulation on the cochlear
nucleus in cats. Hear. Res. 54, 272–280. doi: 10.1016/0378-5955(91)90121-O

Hunt, D. L., Yamoah, E. N., and Krubitzer, L. (2006). Multisensory plasticity
in congenitally deaf mice: how are cortical areas functionally specified?
Neuroscience 139, 1507–1524. doi: 10.1016/j.neuroscience.2006.01.023

Huttenlocher, P. R. (1984). Synapse elimination and plasticity in developing human
cerebral cortex. Am. J. Ment. Defic. 88, 488–496.

Ivry, R., and Diener, H. (1991). Impaired velocity perception in patients with
lesions of the cerebellum. J. Cogn. Neurosci. 3, 355–366. doi: 10.1162/jocn.1991.
3.4.355

Jiang, A., Tian, J., Li, R., Liu, Y., Jiang, T., Qin, W., et al. (2015). Alterations of
regional spontaneous brain activity and gray matter volume in the blind. Neural
Plast. 2015:141950. doi: 10.1155/2015/141950

Jiang, J., Zhu, W., Shi, F., Liu, Y., Li, J., Qin, W., et al. (2009). Thick visual cortex in
the early blind. J. Neurosci. 29, 2205–2211. doi: 10.1523/JNEUROSCI.5451-08.
2009

Kaga, K., Shinjo, Y., Jin, Y., and Takegoshi, H. (2008). Vestibular failure in
children with congenital deafness. Int. J. Audiol. 47, 590–599. doi: 10.1080/
14992020802331222

Kanold, P. O., and Young, E. D. (2001). Proprioceptive information from the pinna
provides somatosensory input to cat dorsal cochlear nucleus. J. Neurosci. 21,
7848–7858. doi: 10.1523/jneurosci.21-19-07848.2001

Kara, A., Hakan Ozturk, A., Kurtoglu, Z., Umit Talas, D., Aktekin, M., Saygili,
M., et al. (2006). Morphometric comparison of the human corpus callosum
in deaf and hearing subjects: an MRI study. J. Neuroradiol. 33, 158–163. doi:
10.1016/S0150-9861(06)77253-4

Karns, C. M., Stevens, C., Dow, M. W., Schorr, E. M., and Neville, H. J. (2017).
Atypical white-matter microstructure in congenitally deaf adults: a region of
interest and tractography study using diffusion-tensor imaging. Hear. Res. 343,
72–82. doi: 10.1016/j.heares.2016.07.008

Kassubek, J., Hickok, G., and Erhard, P. (2004). Involvement of classical anterior
and posterior language areas in sign language production, as investigated by
4 T functional magnetic resonance imaging. Neurosci. Lett. 364, 168–172. doi:
10.1016/J.NEULET.2004.04.088

Kayser, C., Petkov, C. I., and Logothetis, N. K. (2008). Visual modulation of neurons
in auditory cortex. Cereb. Cortex 18, 1560–1574. doi: 10.1093/cercor/bhm187

Keren, R., Helfand, M., Homer, C., McPhillips, H., and Lieu, T. (2002). Projected
cost-effectiveness of statewide universal newborn hearing screening. Pediatrics
110, 855–865. doi: 10.1097/00004703-200304000-00023

Kim, D. J., Park, S. Y., Kim, J., Lee, D. H., and Park, H. J. (2009). Alterations of
white matter diffusion anisotropy in early deafness. Neuroreport 20, 1032–1036.
doi: 10.1097/WNR.0b013e32832e0cdd

Kim, E., Kang, H., Lee, H., Lee, H. J., Suh, M. W., Song, J. J., et al. (2014).
Morphological brain network assessed using graph theory and network
filtration in deaf adults. Hear. Res. 315, 88–98. doi: 10.1016/j.heares.2014.
06.007

Kitzes, L. M., and Semple, M. N. (1985). Single-unit responses in the inferior
colliculus: effects of neonatal unilateral cochlear ablation. J. Neurophysiol. 53,
1483–1500. doi: 10.1152/jn.1985.53.6.1483

Klinke, R., Kral, A., Heid, S., Tillein, J., Hartmann, R., Klinke, R., et al. (1999).
Recruitment of the auditory cortex in congenitally deaf cats by long-term
cochlear electrostimulation. Science 285, 1729–1733. doi: 10.1126/science.285.
5434.1729

Kok, M. A., Chabot, N., and Lomber, S. G. (2014). Cross-modal reorganization
of cortical afferents to dorsal auditory cortex following early- and late-onset
deafness. J. Comp. Neurol. 522, 654–675. doi: 10.1002/cne.23439

Kozel, P. J., Friedman, R. A., Erway, L. C., Yamoah, E. N., Liu, L. H., Riddle, T.,
et al. (1998). Balance and hearing deficits in mice with a null mutation in the
gene encoding plasma membrane Ca2+-ATPase isoform 2. J. Biol. Chem. 273,
18693–18696. doi: 10.1074/jbc.273.30.18693

Kral, A. (2007). Unimodal and cross-modal plasticity in the “deaf” auditory cortex.
Int. J. Audiol. 46, 479–493. doi: 10.1080/14992020701383027

Kral, A., Hartmann, R., Tillein, J., Heid, S., and Klinke, R. (2000). Congenital
auditory deprivation reduces synaptic activity within the auditory cortex in a
layer-specific manner. Cereb. Cortex 10, 714–726. doi: 10.1093/cercor/10.7.714

Kral, A., and Lomber, S. G. (2015). Deaf white cats. Curr. Biol. 25, R351–R353.
doi: 10.1016/j.cub.2015.02.040

Kral, A., Schröder, J. H., Klinke, R., and Engel, A. K. (2003). Absence of cross-
modal reorganization in the primary auditory cortex of congenitally deaf cats.
Exp. Brain Res. 153, 605–613. doi: 10.1007/s00221-003-1609-z

Kral, A., and Sharma, A. (2012). Developmental neuroplasticity after cochlear
implantation. Trends Neurosci. 35, 111–122. doi: 10.1016/j.tins.2011.09.004

Kramer, S., Vasil, K. J., Adunka, O. F., Pisoni, D. B., and Moberly, A. C.
(2018). Cognitive functions in adult cochlear implant users, cochlear implant
candidates, and normal-hearing listeners. Laryngoscope Investig. Otolaryngol. 3,
304–310. doi: 10.1002/lio2.172

Kronenberger, W., Beer, J., Castellanos, I., Pisoni, D., and Miyamoto, R. (2014).
Neurocognitive risk in children with cochlear implants. JAMA Otolaryngol.
Head Neck Surg. 140, 608–615. doi: 10.1001/jamaoto.2014.757

Kumar, U., and Mishra, M. (2018). Pattern of neural divergence in adults with
prelingual deafness: based on structural brain analysis. Brain Res. 1701, 58–63.
doi: 10.1016/j.brainres.2018.07.021

Kupers, R., and Ptito, M. (2014). Compensatory plasticity and cross-modal
reorganization following early visual deprivation. Neurosci. Biobehav. Rev. 41,
36–52. doi: 10.1016/j.neubiorev.2013.08.001

Larsell, O. (1952). The morphogenesis and adult pattern of the lobules and fissures
of the cerebellum of the white rat. J. Comp. Neurol. 97, 281–356. doi: 10.1002/
cne.900970204

Lazard, D. S., and Giraud, A. L. (2017). Faster phonological processing and
right occipito-temporal coupling in deaf adults signal poor cochlear implant
outcome. Nat. Commun. 8:14872. doi: 10.1038/ncomms14872

Lazard, D. S., Lee, H. J., Truy, E., and Giraud, A. L. (2013). Bilateral reorganization
of posterior temporal cortices in post-lingual deafness and its relation to
cochlear implant outcome. Hum. Brain Mapp. 34, 1208–1219. doi: 10.1002/
hbm.21504

Lazard, D. S., Vincent, C., Venail, F., van de Heyning, P., Truy, E., Sterkers, O.,
et al. (2012). Pre-, Per- and postoperative factors affecting performance of
postlinguistically deaf adults using cochlear implants: a new conceptual model
over time. PLoS One 7:e48739. doi: 10.1371/journal.pone.0048739

Lee, H. J., Giraud, A. L., Kang, E., Oh, S. H., Kang, H., Kim, C. S., et al. (2007).
Cortical activity at rest predicts cochlear implantation outcome. Cereb. Cortex
17, 909–917. doi: 10.1093/cercor/bhl001

Leporé, N., Vachon, P., Lepore, F., Chou, Y. Y., Voss, P., Brun, C., et al. (2010a).
3D mapping of brain differences in native signing congenitally and prelingually
deaf subjects. Hum. Brain Mapp. 31, 970–978. doi: 10.1002/hbm.20910

Leporé, N., Voss, P., Lepore, F., Chou, Y. Y., Fortin, M., Gougoux, F., et al. (2010b).
Brain structure changes visualized in early- and late-onset blind subjects.
Neuroimage 49, 134–140. doi: 10.1016/j.neuroimage.2009.07.048

Levänen, S., and Hamdorf, D. (2001). Feeling vibrations: enhanced tactile
sensitivity in congenitally deaf humans. Neurosci. Lett. 301, 75–77. doi: 10.1016/
S0304-3940(01)01597-X

Li, J., Li, W., Xian, J., Li, Y., Liu, Z., Liu, S., et al. (2012). Cortical thickness
analysis and optimized voxel-based morphometry in children and adolescents
with prelingually profound sensorineural hearing loss. Brain Res. 1430, 35–42.
doi: 10.1016/j.brainres.2011.09.057

Li, W., Li, J., Wang, J., Zhou, P., Wang, Z., Xian, J., et al. (2016). Functional
reorganizations of brain network in prelingually deaf adolescents. Neural Plast.
2016:9849087. doi: 10.1155/2016/9849087

Li, W., Li, J., Wang, Z., Li, Y., Liu, Z., Yan, F., et al. (2015). Grey matter connectivity
within and between auditory, language and visual systems in prelingually deaf
adolescents. Restor. Neurol. Neurosci. 33, 279–290. doi: 10.3233/RNN-140437

Li, W., Li, J., Xian, J., Lv, B., Li, M., Wang, C., et al. (2013). Alterations of grey
matter asymmetries in adolescents with prelingual deafness: a combined VBM
and cortical thickness analysis. Restor. Neurol. Neurosci. 31, 1–17. doi: 10.3233/
RNN-2012-120269

Li, Y., Ding, G., Booth, J. R., Huang, R., Lv, Y., Zang, Y., et al. (2012). Sensitive
period for white-matter connectivity of superior temporal cortex in deaf people.
Hum. Brain Mapp. 33, 349–359. doi: 10.1002/hbm.21215

Frontiers in Neuroscience | www.frontiersin.org 19 March 2022 | Volume 16 | Article 850245

https://doi.org/10.1016/j.heares.2014.09.008
https://doi.org/10.1371/journal.pone.0140643
https://doi.org/10.1016/0378-5955(91)90121-O
https://doi.org/10.1016/j.neuroscience.2006.01.023
https://doi.org/10.1162/jocn.1991.3.4.355
https://doi.org/10.1162/jocn.1991.3.4.355
https://doi.org/10.1155/2015/141950
https://doi.org/10.1523/JNEUROSCI.5451-08.2009
https://doi.org/10.1523/JNEUROSCI.5451-08.2009
https://doi.org/10.1080/14992020802331222
https://doi.org/10.1080/14992020802331222
https://doi.org/10.1523/jneurosci.21-19-07848.2001
https://doi.org/10.1016/S0150-9861(06)77253-4
https://doi.org/10.1016/S0150-9861(06)77253-4
https://doi.org/10.1016/j.heares.2016.07.008
https://doi.org/10.1016/J.NEULET.2004.04.088
https://doi.org/10.1016/J.NEULET.2004.04.088
https://doi.org/10.1093/cercor/bhm187
https://doi.org/10.1097/00004703-200304000-00023
https://doi.org/10.1097/WNR.0b013e32832e0cdd
https://doi.org/10.1016/j.heares.2014.06.007
https://doi.org/10.1016/j.heares.2014.06.007
https://doi.org/10.1152/jn.1985.53.6.1483
https://doi.org/10.1126/science.285.5434.1729
https://doi.org/10.1126/science.285.5434.1729
https://doi.org/10.1002/cne.23439
https://doi.org/10.1074/jbc.273.30.18693
https://doi.org/10.1080/14992020701383027
https://doi.org/10.1093/cercor/10.7.714
https://doi.org/10.1016/j.cub.2015.02.040
https://doi.org/10.1007/s00221-003-1609-z
https://doi.org/10.1016/j.tins.2011.09.004
https://doi.org/10.1002/lio2.172
https://doi.org/10.1001/jamaoto.2014.757
https://doi.org/10.1016/j.brainres.2018.07.021
https://doi.org/10.1016/j.neubiorev.2013.08.001
https://doi.org/10.1002/cne.900970204
https://doi.org/10.1002/cne.900970204
https://doi.org/10.1038/ncomms14872
https://doi.org/10.1002/hbm.21504
https://doi.org/10.1002/hbm.21504
https://doi.org/10.1371/journal.pone.0048739
https://doi.org/10.1093/cercor/bhl001
https://doi.org/10.1002/hbm.20910
https://doi.org/10.1016/j.neuroimage.2009.07.048
https://doi.org/10.1016/S0304-3940(01)01597-X
https://doi.org/10.1016/S0304-3940(01)01597-X
https://doi.org/10.1016/j.brainres.2011.09.057
https://doi.org/10.1155/2016/9849087
https://doi.org/10.3233/RNN-140437
https://doi.org/10.3233/RNN-2012-120269
https://doi.org/10.3233/RNN-2012-120269
https://doi.org/10.1002/hbm.21215
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-850245 March 22, 2022 Time: 15:2 # 20

Grégoire et al. Brain Modifications in Congenital and Acquired Deafness

Lin, F. R., Yaffe, K., Xia, J., Xue, Q. L., Harris, T. B., Purchase-Helzner, E., et al.
(2013). Hearing loss and cognitive decline in older adults. JAMA Intern. Med.
173, 293–299. doi: 10.1001/jamainternmed.2013.1868

Livingston, G., Sommerlad, A., Orgeta, V., Costafreda, S. G., Huntley, J., Ames,
D., et al. (2017). Dementia prevention, intervention, and care. Lancet 390,
2673–2734. doi: 10.1016/S0140-6736(17)31363-6

Lomber, S. G., Butler, B. E., Glick, H., and Sharma, A. (2019). “Crossmodal
neuroplasticity in deafness: evidence from animal models and clinical
populations,” in Multisensory Perception: From Laboratory to Clinic, eds K.
Sathian and V. S. Ramachandran (London: Academic Press), 343–370. doi:
10.1016/B978-0-12-812492-5.00016-4

Lomber, S. G., Meredith, M. A., and Kral, A. (2010). Cross-modal plasticity in
specific auditory cortices underlies visual compensations in the deaf. Nat.
Neurosci. 13, 1421–1427. doi: 10.1038/nn.2653

Luchini, C., Stubbs, B., Solmi, M., and Veronese, N. (2017). Assessing the quality
of studies in meta-analyses: advantages and limitations of the Newcastle Ottawa
Scale. World J. Meta Anal. 5, 80–84. doi: 10.13105/wjma.v5.i4.80

Maffei, C., Soria, G., Prats-Galino, A., and Catani, M. (2015). “Imaging white-
matter pathways of the auditory system with diffusion imaging tractography,”
in Handbook of Clinical Neurology, eds M. J. Aminoff, F. Boller, and D. F. Swaab
(Amsterdam: Elsevier), 277–288. doi: 10.1016/B978-0-444-62630-1.00016-0

Maharani, A., Pendleton, N., and Leroi, I. (2019). Hearing impairment, loneliness,
social isolation, and cognitive function: longitudinal analysis using English
longitudinal study on ageing. Am. J. Geriatr. Psychiatry 27, 1348–1356. doi:
10.1016/j.jagp.2019.07.010

Malacarne, M. (1791). Sulla Neuro-Encefalotomia. Lettere Anatomico-Fisiologiche
di Vincenzo Malacarne e Carlo Bonnet. Pavia: Stamperia del monastero di San
Salvadore.

Manno, F. A. M., Rodríguez-Cruces, R., Kumar, R., Ratnanather, J. T., and Lau,
C. (2021). Hearing loss impacts gray and white matter across the lifespan:
systematic review, meta-analysis and meta-regression. Neuroimage 231:117826.
doi: 10.1016/j.neuroimage.2021.117826

Manrique-Huarte, R., Calavia, D., Irujo, A. H., Girón, L., and Manrique-Rodríguez,
M. (2016). Treatment for hearing loss among the elderly: auditory outcomes
and impact on quality of life. Audiol. Neurotol. 21, 29–35. doi: 10.1159/
000448352

Mariën, P., Ackermann, H., Adamaszek, M., Barwood, C. H. S., Beaton, A.,
Desmond, J., et al. (2014). Consensus paper: language and the cerebellum: an
ongoing enigma. Cerebellum 13, 386–410. doi: 10.1007/s12311-013-0540-5

Mayberry, R. I., Lock, E., and Kazmi, H. (2002). Linguistic ability and early language
exposure. Nature 417:38. doi: 10.1038/417038a

McCullough, S., and Emmorey, K. (1997). Face processing by deaf ASL signers:
evidence for expertise in distinguishing local features. J. Deaf Stud. Deaf Educ.
2, 212–222. doi: 10.1093/oxfordjournals.deafed.a014327

McCullough, S., and Emmorey, K. (2021). Effects of deafness and sign language
experience on the human brain: voxel-based and surface-based morphometry.
Lang. Cogn. Neurosci. 36, 422–439. doi: 10.1080/23273798.2020.1854793

McLachlan, N. M., and Wilson, S. J. (2017). The contribution of brainstem and
cerebellar pathways to auditory recognition. Front. Psychol. 8:265. doi: 10.3389/
fpsyg.2017.00265

Mellott, J. G., Bickford, M. E., and Schofield, B. R. (2014). Descending projections
from auditory cortex to excitatory and inhibitory cells in the nucleus of the
brachium of the inferior colliculus. Front. Syst. Neurosci. 8:188. doi: 10.3389/
fnsys.2014.00188

Meredith, M., Keniston, L., and Allman, B. (2012). Multisensory dysfunction
accompanies crossmodal plasticity following adult hearing impairment.
Neuroscience 214, 136–148. doi: 10.1016/j.neuroscience.2012.04.001

Meredith, M., and Lomber, S. (2011). Somatosensory and visual crossmodal
plasticity in the anterior auditory field of early-deaf cats. Hear. Res. 280, 38–47.
doi: 10.1016/j.heares.2011.02.004

Meredith, M. A., and Allman, B. L. (2012). Early hearing-impairment results
in crossmodal reorganization of ferret core auditory cortex. Neural Plast.
2012:601591. doi: 10.1155/2012/601591

Meredith, M. A., and Allman, B. L. (2015). Single-unit analysis of somatosensory
processing in core auditory cortex of hearing ferrets. Eur. J. Neurosci. 41,
689–698.

Meredith, M. A., Kryklywy, J., McMillan, A. J., Malhotra, S., Lum-Tai, R., and
Lomber, S. G. (2011). Crossmodal reorganization in the early deaf switches

sensory, but not behavioral roles of auditory cortex. Proc. Natl. Acad. Sci. U.S.A.
108, 8856–8861. doi: 10.1073/pnas.1018519108

Meyer, M., Liem, F., Hirsiger, S., Jäncke, L., and Hänggi, J. (2014). Cortical surface
area and cortical thickness demonstrate differential structural asymmetry in
auditory-related areas of the human cortex. Cereb. Cortex 24, 2541–2552. doi:
10.1093/cercor/bht094

Meyer, M., Toepel, U., Keller, J., Nussbaumer, D., Zysset, S., and Friederici, A. D.
(2007). Neuroplasticity of sign language: implications from structural and
functional brain imaging. Restor. Neurol. Neurosci. 25, 335–351.

Miao, W., Li, J., Tang, M., Xian, J., Li, W., Liu, Z., et al. (2013). Altered white
matter integrity in adolescents with prelingual deafness: a high-resolution tract-
based spatial statistics imaging study. Am. J. Neuroradiol. 34, 1264–1270. doi:
10.3174/ajnr.A3370

Middleton, F., and Strick, P. (1994). Anatomical evidence for cerebellar and basal
ganglia involvement in higher cognitive function. Science 266, 458–461. doi:
10.1126/science.7939688

Moberly, A. C., Bates, C., Harris, M. S., and Pisoni, D. B. (2016). The enigma of poor
performance by adults with cochlear implants. Otol. Neurotol. 37, 1522–1528.
doi: 10.1097/MAO.0000000000001211

Moerel, M., De Martino, F., and Formisano, E. (2014). An anatomical and
functional topography of human auditory cortical areas. Front. Neurosci. 8:225.
doi: 10.3389/fnins.2014.00225

Mohr, P., Feldman, J., Dunbar, J., McConkey-Robbins, A., Niparko, J., Rittenhouse,
R., et al. (2000). The societal costs of severe to profound hearing loss in the
United States. Int. J. Technol. Asses. Heal. Care 16, 1120–1135. doi: 10.1017/
s0266462300103162

Moore, D. R., and Kitzes, L. M. (1985). Projections from the cochlear nucleus to the
inferior colliculus in normal and neonatally cochlea-ablated gerbils. J. Camp.
Neurol. 240, 180–195. doi: 10.1002/cne.902400208

Neville, H. J., and Lawson, D. (1987a). Attention to central and peripheral visual
space in a movement detection task: an event-related potential and behavioral
study. I. Normal hearing adults. Brain Res. 405, 253–267. doi: 10.1016/0006-
8993(87)90295-2

Neville, H. J., and Lawson, D. (1987b). Attention to central and peripheral visual
space in a movement detection task: an event related potential and behavioral
study. II. Congenitally deaf adults. Brain Res. 405, 268–283. doi: 10.1016/0006-
8993(87)90296-4

Neville, H. J., Bavelier, D., Corina, D., Rauschecker, J., Karni, A., Lalwani, A.,
et al. (1998). Cerebral organization for language in deaf and hearing subjects:
biological constraints and effects of experience. Proc. Natl. Acad. Sci. U.S.A. 95,
922–929. doi: 10.1073/pnas.95.3.922

Niparko, J. K., and Finger, P. A. (1997). Cochlear nucleus cell size changes in the
dalmatian: model of congenital deafness. Otolaryngol. Head Neck Surg. 117,
229–235. doi: 10.1016/S0194-5998(97)70179-7

Noppeney, U., Friston, K. J., Ashburner, J., Frackowiak, R., and Price, C. J. (2005).
Early visual deprivation induces structural plasticity in gray and white matter.
Curr. Biol. 15, R488–R490. doi: 10.1016/j.cub.2005.06.053

Olulade, O. A., Koo, D. S., Lasasso, C. J., and Eden, G. F. (2014). Neuroanatomical
profiles of deafness in the context of native language experience. J. Neurosci. 34,
5613–5620. doi: 10.1523/JNEUROSCI.3700-13.2014

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C., Mulrow,
C. D., et al. (2021). The PRISMA 2020 statement: an updated guideline for
reporting systematic reviews. BMJ 372:n71. doi: 10.1136/BMJ.N71

Pan, W. J., Wu, G., Li, C. X., Lin, F., Sun, J., and Lei, H. (2007). Progressive
atrophy in the optic pathway and visual cortex of early blind Chinese adults: a
voxel-based morphometry magnetic resonance imaging study. Neuroimage 37,
212–220. doi: 10.1016/j.neuroimage.2007.05.014

Park, H. J., Lee, J. D., Kim, E. Y., Park, B., Oh, M. K., Lee, S. C., et al. (2009).
Morphological alterations in the congenital blind based on the analysis of
cortical thickness and surface area. Neuroimage 47, 98–106. doi: 10.1016/j.
neuroimage.2009.03.076

Penhune, V. B., Cismaru, R., Dorsaint-Pierre, R., Petitto, L. A., and Zatorre, R. J.
(2003). The morphometry of auditory cortex in the congenitally deaf measured
using MRI. Neuroimage 20, 1215–1225. doi: 10.1016/S1053-8119(03)00373-2

Pénicaud, S., Klein, D., Zatorre, R. J., Chen, J. K., Witcher, P., Hyde, K.,
et al. (2013). Structural brain changes linked to delayed first language
acquisition in congenitally deaf individuals. Neuroimage 66, 42–49. doi: 10.
1016/j.neuroimage.2012.09.076

Frontiers in Neuroscience | www.frontiersin.org 20 March 2022 | Volume 16 | Article 850245

https://doi.org/10.1001/jamainternmed.2013.1868
https://doi.org/10.1016/S0140-6736(17)31363-6
https://doi.org/10.1016/B978-0-12-812492-5.00016-4
https://doi.org/10.1016/B978-0-12-812492-5.00016-4
https://doi.org/10.1038/nn.2653
https://doi.org/10.13105/wjma.v5.i4.80
https://doi.org/10.1016/B978-0-444-62630-1.00016-0
https://doi.org/10.1016/j.jagp.2019.07.010
https://doi.org/10.1016/j.jagp.2019.07.010
https://doi.org/10.1016/j.neuroimage.2021.117826
https://doi.org/10.1159/000448352
https://doi.org/10.1159/000448352
https://doi.org/10.1007/s12311-013-0540-5
https://doi.org/10.1038/417038a
https://doi.org/10.1093/oxfordjournals.deafed.a014327
https://doi.org/10.1080/23273798.2020.1854793
https://doi.org/10.3389/fpsyg.2017.00265
https://doi.org/10.3389/fpsyg.2017.00265
https://doi.org/10.3389/fnsys.2014.00188
https://doi.org/10.3389/fnsys.2014.00188
https://doi.org/10.1016/j.neuroscience.2012.04.001
https://doi.org/10.1016/j.heares.2011.02.004
https://doi.org/10.1155/2012/601591
https://doi.org/10.1073/pnas.1018519108
https://doi.org/10.1093/cercor/bht094
https://doi.org/10.1093/cercor/bht094
https://doi.org/10.3174/ajnr.A3370
https://doi.org/10.3174/ajnr.A3370
https://doi.org/10.1126/science.7939688
https://doi.org/10.1126/science.7939688
https://doi.org/10.1097/MAO.0000000000001211
https://doi.org/10.3389/fnins.2014.00225
https://doi.org/10.1017/s0266462300103162
https://doi.org/10.1017/s0266462300103162
https://doi.org/10.1002/cne.902400208
https://doi.org/10.1016/0006-8993(87)90295-2
https://doi.org/10.1016/0006-8993(87)90295-2
https://doi.org/10.1016/0006-8993(87)90296-4
https://doi.org/10.1016/0006-8993(87)90296-4
https://doi.org/10.1073/pnas.95.3.922
https://doi.org/10.1016/S0194-5998(97)70179-7
https://doi.org/10.1016/j.cub.2005.06.053
https://doi.org/10.1523/JNEUROSCI.3700-13.2014
https://doi.org/10.1136/BMJ.N71
https://doi.org/10.1016/j.neuroimage.2007.05.014
https://doi.org/10.1016/j.neuroimage.2009.03.076
https://doi.org/10.1016/j.neuroimage.2009.03.076
https://doi.org/10.1016/S1053-8119(03)00373-2
https://doi.org/10.1016/j.neuroimage.2012.09.076
https://doi.org/10.1016/j.neuroimage.2012.09.076
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-850245 March 22, 2022 Time: 15:2 # 21

Grégoire et al. Brain Modifications in Congenital and Acquired Deafness

Pereira-Jorge, M. R., Andrade, K. C., Palhano-Fontes, F. X., Diniz, P. R. B.,
Sturzbecher, M., Santos, A. C., et al. (2018). Anatomical and functional MRI
changes after one year of auditory rehabilitation with hearing aids. Neural Plast.
2018:9303674. doi: 10.1155/2018/9303674

Petitto, L. A., Zatorre, R. J., Gauna, K., Nikelski, E. J., Dostie, D., and Evans,
A. C. (2000). Speech-like cerebral activity in profoundly deaf people processing
signed languages: implications for the neural basis of human language.
Proc. Natl. Acad. Sci. U.S.A. 97, 13961–13966. doi: 10.1073/pnas.97.25.
13961

Ponton, C. W., Don, M., Eggermont, J. J., Waring, M. D., and Masuda, A. (1996).
Maturation of human cortical auditory function: differences between normal-
hearing children and children with cochlear implants. Ear Hear. 17, 430–437.
doi: 10.1097/00003446-199610000-00009

Ptito, M., Paré, S., Dricot, L., Cavaliere, C., Tomaiuolo, F., and Kupers, R. (2021). A
quantitative analysis of the retinofugal projections in congenital and late-onset
blindness. Neuroimage Clin. 32:102809. doi: 10.1016/j.nicl.2021.102809

Ptito, M., Schneider, F. C. G., Paulson, O. B., and Kupers, R. (2008). Alterations
of the visual pathways in congenital blindness. Exp. Brain Res. 187, 41–49.
doi: 10.1007/s00221-008-1273-4

Qi, R., Su, L., Zou, L., Yang, J., and Zheng, S. (2019). Altered gray matter
volume and white matter integrity in sensorineural hearing loss patients: a
VBM and TBSS study. Otol. Neurotol. 40, e569–e574. doi: 10.1097/MAO.
0000000000002273

Qin, W., Liu, Y., Jiang, T., and Yu, C. (2013). The development of visual areas
depends differently on visual experience. PLoS One 8:e53784. doi: 10.1371/
journal.pone.0053784

Quittner, A., Leibach, P., and Marciel, K. (2004). The impact of cochlear implants
on young deaf children: new methods to assess cognitive and behavioral
development. Arch. Otolaryngol. Head Neck Surg 130, 547–554. doi: 10.1001/
archotol.130.5.547

Ratnanather, J. T. (2020). Structural neuroimaging of the altered brain stemming
from pediatric and adolescent hearing loss—scientific and clinical challenges.
Wiley Rev. Syst. Biol. Med. 12:e1469.

Rauschecker, J. P., and Korte, M. (1993). Auditory compensation for early
blindness in cat cerebral cortex. J. Neurosci. 13, 4538–4548. doi: 10.1523/
jneurosci.13-10-04538.1993

Rebillard, G., and Pujol, R. (1977). Enhancement of visual responses on the primary
auditory cortex of the cat after an early destruction of cochlear receptors. Brain
Res. 129, 162–164. doi: 10.1016/0006-8993(77)90980-5

Reil, J. (1808). Fragmente über die bildung des kleinen gehirns im menschen. Arch.
Physiol. 8, 1–58.

Renier, L., De Volder, A. G., and Rauschecker, J. P. (2014). Cortical plasticity
and preserved function in early blindness. Neurosci. Biobehav. Rev. 41, 53–63.
doi: 10.1016/j.neubiorev.2013.01.025

Ro, T., Ellmore, T. M., and Beauchamp, M. S. (2013). A neural link between feeling
and hearing. Cereb. Cortex 23, 1724–1730. doi: 10.1093/cercor/bhs166

Rombaux, P., Huart, C., De Volder, A. G., Cuevas, I., Renier, L., Duprez, T.,
et al. (2010). Increased olfactory bulb volume and olfactory function in early
blind subjects. Neuroreport 21, 1069–1073. doi: 10.1097/WNR.0b013e3283
3fcb8a

Sakai, K. L., Tatsuno, Y., Suzuki, K., Kimura, H., and Ichida, Y. (2005). Sign and
speech: amodal commonality in left hemisphere dominance for comprehension
of sentences. Brain 128, 1407–1417. doi: 10.1093/brain/awh465

Schofield, B. R. (2009). Projections to the inferior colliculus from layer VI cells of
auditory cortex. Neuroscience 159, 246–258. doi: 10.1016/j.neuroscience.2008.
11.013

Schürmann, M., Caetano, G., Hlushchuk, Y., Jousmäki, V., and Hari, R. (2006).
Touch activates human auditory cortex. Neuroimage 30, 1325–1331. doi: 10.
1016/j.neuroimage.2005.11.020

Sens, P. M., and De Almeida, C. I. R. (2007). Participation of the cerebellum in
auditory processing. Braz. J. Otorhinolaryngol. 73, 266–270. doi: 10.1016/s1808-
8694(15)31076-4

Sharma, A., and Glick, H. (2016). Cross-modal re-organization in clinical
populations with hearing loss. Brain Sci. 6, 4. doi: 10.3390/brainsci6010004

Shi, B., Yang, L. Z., Liu, Y., Zhao, S. L., Wang, Y., Gu, F., et al. (2016). Early-
onset hearing loss reorganizes the visual and auditory network in children
without cochlear implantation. Neuroreport 27, 197–202. doi: 10.1097/WNR.
0000000000000524

Shibata, D. K. (2007). Differences in brain structure in deaf persons on MR imaging
studied with voxel-based morphometry. Am. J. Neuroradiol. 28, 243–249.

Shield, B. (2006). Evaluation of the Social and Economic Costs of Hearing
Impairment: A Report for Hear-it. London: London South Bank University.

Shimony, J. S., Burton, H., Epstein, A. A., McLaren, D. G., Sun, S. W., and Snyder,
A. Z. (2006). Diffusion tensor imaging reveals white matter reorganization in
early blind humans. Cereb. Cortex 16, 1653–1661. doi: 10.1093/cercor/bhj102

Shiohama, T., McDavid, J., Levman, J., and Takahashi, E. (2019). The left lateral
occipital cortex exhibits decreased thickness in children with sensorineural
hearing loss. Int. J. Dev. Neurosci. 76, 34–40. doi: 10.1016/j.ijdevneu.2019.05.009

Shore, S. E., Koehler, S., Oldakowski, M., Hughes, L., and Syed, S. (2008). Dorsal
cochlear nucleus responses to somatosensory stimulation are enhanced after
noise-induced hearing loss. Eur. J. Neurosci. 27, 155–168. doi: 10.1111/j.1460-
9568.2007.05983.x

Shore, S. E., Vass, Z., Wys, N. L., and Altschuler, R. A. (2000). Trigeminal ganglion
innervates the auditory brainstem. J. Comp. Neurol. 419, 271–285. doi: 10.1002/
(SICI)1096-9861(20000410)419:3<271::AID-CNE1>3.0.CO;2-M

Shore, S. E., and Zhou, J. (2006). Somatosensory influence on the cochlear nucleus
and beyond. Hear. Res. 216–217, 90–99. doi: 10.1016/j.heares.2006.01.006

Simon, M., Campbell, E., Genest, F., MacLean, M., Champoux, F., and Lepore, F.
(2020). The impact of early deafness on brain plasticity: a systematic review of
the white and gray matter changes. Front. Neurosci. 14:206. doi: 10.3389/fnins.
2020.00206

Skotara, N., Salden, U., Kügow, M., Hänel-Faulhaber, B., and Röder, B. (2012).
The influence of language deprivation in early childhood on L2 processing: an
ERP comparison of deaf native signers and deaf signers with a delayed language
acquisition. BMC Neurosci. 13:44. doi: 10.1186/1471-2202-13-44

Smiley, J. F., and Falchier, A. (2009). Multisensory connections of monkey auditory
cerebral cortex. Hear. Res. 258, 37–46. doi: 10.1016/j.heares.2009.06.019

Smith, K. M., Mecoli, M. D., Altaye, M., Komlos, M., Maitra, R., Eaton, K. P., et al.
(2011). Morphometric differences in the Heschl’s gyrus of hearing impaired and
normal hearing infants. Cereb. Cortex 21, 991–998. doi: 10.1093/cercor/bhq164

Smittenaar, C. R., MacSweeney, M., Sereno, M. I., and Schwarzkopf, D. S. (2016).
Does congenital deafness affect the structural and functional architecture
of primary visual cortex? Open Neuroimag. J. 10, 1–19. doi: 10.2174/
1874440001610010001

Stakhovskaya, O., Hradek, G. T., Snyder, R. L., and Leake, P. A. (2008). Effects of
age at onset of deafness and electrical stimulation on the developing cochlear
nucleus in cats. Hear. Res. 243, 69–77. doi: 10.1016/j.heares.2008.05.007

Stanton, S. G., and Harrison, R. V. (2000). Projections from the medial geniculate
body to primary auditory cortex in neonatally deafened cats. J. Comp. Neurol.
426, 117–129. doi: 10.1002/1096-9861(20001009)426:1<117::aid-cne8>3.0.co;
2-s

Stoodley, C. J., and Schmahmann, J. D. (2009). Functional topography in the
human cerebellum: a meta-analysis of neuroimaging studies. Neuroimage 44,
489–501. doi: 10.1016/j.neuroimage.2008.08.039

Sun, Z., Seo, J. W., Park, H. J., Lee, J. Y., Kwak, M. Y., Kim, Y., et al.
(2021). Cortical reorganization following auditory deprivation predicts cochlear
implant performance in postlingually deaf adults. Hum. Brain Mapp. 42, 233–
244. doi: 10.1002/hbm.25219

Tan, L., Holland, S. K., Deshpande, A. K., Chen, Y., Choo, D. I., and Lu, L. J. (2015).
A semi-supervised support vector machine model for predicting the language
outcomes following cochlear implantation based on pre-implant brain fMRI
imaging. Brain Behav. 5:e00391. doi: 10.1002/brb3.391

Tarabichi, O., Kozin, E. D., Kanumuri, V. V., Barber, S., Ghosh, S., Sitek, K.,
et al. (2018). Diffusion tensor imaging of central auditory pathways in patients
with sensorineural hearing loss: a systematic review. Syst. Rev. 158, 432–442.
doi: 10.1177/0194599817739838

Tierney, T., Russell, F., and Moore, D. (1997). Susceptibility of developing cochlear
nucleus neurons to deafferentation-induced death abruptly ends just before
the onset of hearing. J. Comp. Neurol. 378, 295–306. doi: 10.1002/(SICI)1096-
9861(19970210)378:2<295::AID-CNE11>3.0.CO;2-R

Tomaiuolo, F., Campana, S., Collins, D. L., Fonov, V. S., Ricciardi, E., Sartori,
G., et al. (2014). Morphometric changes of the corpus callosum in congenital
blindness. PLoS One 9:e107871. doi: 10.1371/journal.pone.0107871

Touj, S., Gallino, D., Chakravarty, M. M., Bronchti, G., and Piché, M. (2021).
Structural brain plasticity induced by early blindness. Eur. J. Neurosci. 53,
778–795. doi: 10.1111/ejn.15028

Frontiers in Neuroscience | www.frontiersin.org 21 March 2022 | Volume 16 | Article 850245

https://doi.org/10.1155/2018/9303674
https://doi.org/10.1073/pnas.97.25.13961
https://doi.org/10.1073/pnas.97.25.13961
https://doi.org/10.1097/00003446-199610000-00009
https://doi.org/10.1016/j.nicl.2021.102809
https://doi.org/10.1007/s00221-008-1273-4
https://doi.org/10.1097/MAO.0000000000002273
https://doi.org/10.1097/MAO.0000000000002273
https://doi.org/10.1371/journal.pone.0053784
https://doi.org/10.1371/journal.pone.0053784
https://doi.org/10.1001/archotol.130.5.547
https://doi.org/10.1001/archotol.130.5.547
https://doi.org/10.1523/jneurosci.13-10-04538.1993
https://doi.org/10.1523/jneurosci.13-10-04538.1993
https://doi.org/10.1016/0006-8993(77)90980-5
https://doi.org/10.1016/j.neubiorev.2013.01.025
https://doi.org/10.1093/cercor/bhs166
https://doi.org/10.1097/WNR.0b013e32833fcb8a
https://doi.org/10.1097/WNR.0b013e32833fcb8a
https://doi.org/10.1093/brain/awh465
https://doi.org/10.1016/j.neuroscience.2008.11.013
https://doi.org/10.1016/j.neuroscience.2008.11.013
https://doi.org/10.1016/j.neuroimage.2005.11.020
https://doi.org/10.1016/j.neuroimage.2005.11.020
https://doi.org/10.1016/s1808-8694(15)31076-4
https://doi.org/10.1016/s1808-8694(15)31076-4
https://doi.org/10.3390/brainsci6010004
https://doi.org/10.1097/WNR.0000000000000524
https://doi.org/10.1097/WNR.0000000000000524
https://doi.org/10.1093/cercor/bhj102
https://doi.org/10.1016/j.ijdevneu.2019.05.009
https://doi.org/10.1111/j.1460-9568.2007.05983.x
https://doi.org/10.1111/j.1460-9568.2007.05983.x
https://doi.org/10.1002/(SICI)1096-9861(20000410)419:3<271::AID-CNE1>3.0.CO;2-M
https://doi.org/10.1002/(SICI)1096-9861(20000410)419:3<271::AID-CNE1>3.0.CO;2-M
https://doi.org/10.1016/j.heares.2006.01.006
https://doi.org/10.3389/fnins.2020.00206
https://doi.org/10.3389/fnins.2020.00206
https://doi.org/10.1186/1471-2202-13-44
https://doi.org/10.1016/j.heares.2009.06.019
https://doi.org/10.1093/cercor/bhq164
https://doi.org/10.2174/1874440001610010001
https://doi.org/10.2174/1874440001610010001
https://doi.org/10.1016/j.heares.2008.05.007
https://doi.org/10.1002/1096-9861(20001009)426:1<117::aid-cne8>3.0.co;2-s
https://doi.org/10.1002/1096-9861(20001009)426:1<117::aid-cne8>3.0.co;2-s
https://doi.org/10.1016/j.neuroimage.2008.08.039
https://doi.org/10.1002/hbm.25219
https://doi.org/10.1002/brb3.391
https://doi.org/10.1177/0194599817739838
https://doi.org/10.1002/(SICI)1096-9861(19970210)378:2<295::AID-CNE11>3.0.CO;2-R
https://doi.org/10.1002/(SICI)1096-9861(19970210)378:2<295::AID-CNE11>3.0.CO;2-R
https://doi.org/10.1371/journal.pone.0107871
https://doi.org/10.1111/ejn.15028
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-850245 March 22, 2022 Time: 15:2 # 22

Grégoire et al. Brain Modifications in Congenital and Acquired Deafness

Turkeltaub, P. E., Eden, G. F., Jones, K. M., and Zeffiro, T. A. (2002). Meta-analysis
of the functional neuroanatomy of single-word reading: method and validation.
Neuroimage 16, 765–780. doi: 10.1006/nimg.2002.1131

Voss, P., Pike, B. G., and Zatorre, R. J. (2014). Evidence for both compensatory
plastic and disuse atrophy-related neuroanatomical changes in the blind. Brain
137, 1224–1240. doi: 10.1093/brain/awu030

Voss, P., and Zatorre, R. J. (2012). Occipital cortical thickness predicts performance
on pitch and musical tasks in blind individuals. Cereb. Cortex 22, 2455–2465.
doi: 10.1093/cercor/bhr311

Wandell, B. A., Dumoulin, S. O., and Brewer, A. A. (2007). Visual field
maps in human cortex. Neuron 56, 366–383. doi: 10.1016/j.neuron.2007.
10.012

Wang, H., Liang, Y., Fan, W., Zhou, X., Huang, M., Shi, G., et al. (2019). DTI study
on rehabilitation of the congenital deafness auditory pathway and speech center
by cochlear implantation. Eur. Arch. Oto Rhino Laryngol. 276, 2411–2417. doi:
10.1007/s00405-019-05477-7

Wang, Y., Metoki, A., Smith, D. V., Medaglia, J. D., Zang, Y., Benear, S., et al.
(2020). Multimodal mapping of the face connectome. Nat. Hum. Behav. 4,
397–411. doi: 10.1038/s41562-019-0811-3

Weiner, K. S., and Zilles, K. (2016). The anatomical and functional specialization
of the fusiform gyrus. Neuropsychologia 83, 48–62. doi: 10.1016/j.physbeh.2017.
03.040

Wells, G., Shea, B., O’Connell, D., and Peterson, J. (2000). The Newcastle-Ottawa
Scale (NOS) for Assessing the Quality of Nonrandomised Studies in Meta-
Analyses. Ottawa, ON: Ottawa Hospital Research Institute.

Wong, C., Chabot, N., Kok, M. A., and Lomber, S. G. (2014). Modified areal
cartography in auditory cortex following early- and late-onset deafness. Cereb.
Cortex 24, 1778–1792. doi: 10.1093/cercor/bht026

Wong, C., Chabot, N., Kok, M. A., and Lomber, S. G. (2015).
Amplified somatosensory and visual cortical projections to a core
auditory area, the anterior auditory field, following early- and late-
onset deafness. J. Comp. Neurol. 523, 1925–1947. doi: 10.1002/cne.
23771

World Health Organization (2021). World Report on Hearing. Geneva: World
Health Organization.

Wu, C., Huang, L., Tan, H., Wang, Y., Zheng, H., Kong, L., et al. (2016).
Diffusion tensor imaging and MR spectroscopy of microstructural alterations
and metabolite concentration changes in the auditory neural pathway of
pediatric congenital sensorineural hearing loss patients. Brain Res. 1639, 228–
234. doi: 10.1016/j.brainres.2014.12.025

Wu, C., Stefanescu, R. A., Martel, D. T., and Shore, S. E. (2015). Listening to another
sense: somatosensory integration in the auditory system. Cell Tissue Res. 361,
233–250. doi: 10.1007/s00441-014-2074-7

Wu, C. M., Ng, S. H., Wang, J. J., and Liu, T. C. (2009). Diffusion tensor imaging
of the subcortical auditory tract in subjects with congenital cochlear nerve
deficiency. Am. J. Neuroradiol. 30, 1773–1777. doi: 10.3174/ajnr.A1681

Yaka, R., Yinon, U., and Wollberg, Z. (1999). Auditory activation of cortical visual
areas in cats after early visual deprivation. Eur. J. Neurosci. 11, 1301–1312.
doi: 10.1046/j.1460-9568.1999.00536.x

Yusuf, P. A., Hubka, P., Tillein, J., Vinck, M., and Kral, A. (2021). Deafness
weakens interareal couplings in the auditory cortex. Front. Neurosci. 14:625721.
doi: 10.3389/fnins.2020.625721

Zheng, W., Wu, C., Huang, L., and Wu, R. (2017). Diffusion kurtosis imaging of
microstructural alterations in the brains of paediatric patients with congenital
sensorineural hearing loss. Sci. Rep. 7:1543. doi: 10.1038/s41598-017-01263-9

Znamenskiy, P., and Zador, A. M. (2013). Corticostriatal neurons in auditory
cortex drive decisions during auditory discrimination. Nature 497, 482–485.
doi: 10.1038/nature12077

Zwolan, T., Kileny, P. R., Smith, S., Mills, D., Koch, D., and Osberger, M. J.
(2001). Adult cochlear implant patient performance with evolving electrode
technology. Otol. Neurotol. 22, 844–849. doi: 10.1097/00129492-200111000-
00022

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Grégoire, Deggouj, Dricot, Decat and Kupers. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neuroscience | www.frontiersin.org 22 March 2022 | Volume 16 | Article 850245

https://doi.org/10.1006/nimg.2002.1131
https://doi.org/10.1093/brain/awu030
https://doi.org/10.1093/cercor/bhr311
https://doi.org/10.1016/j.neuron.2007.10.012
https://doi.org/10.1016/j.neuron.2007.10.012
https://doi.org/10.1007/s00405-019-05477-7
https://doi.org/10.1007/s00405-019-05477-7
https://doi.org/10.1038/s41562-019-0811-3
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1093/cercor/bht026
https://doi.org/10.1002/cne.23771
https://doi.org/10.1002/cne.23771
https://doi.org/10.1016/j.brainres.2014.12.025
https://doi.org/10.1007/s00441-014-2074-7
https://doi.org/10.3174/ajnr.A1681
https://doi.org/10.1046/j.1460-9568.1999.00536.x
https://doi.org/10.3389/fnins.2020.625721
https://doi.org/10.1038/s41598-017-01263-9
https://doi.org/10.1038/nature12077
https://doi.org/10.1097/00129492-200111000-00022
https://doi.org/10.1097/00129492-200111000-00022
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Brain Morphological Modifications in Congenital and Acquired Auditory Deprivation: A Systematic Review and Coordinate-Based Meta-Analysis
	Introduction
	Hearing Loss and Deafness
	Animal Model of Deafness
	Structural Changes in Animal Model of Deafness
	Functional Changes in Animal Model of Deafness
	Structural Brain Modifications in Human Deafness

	Methods
	Search Strategy and Paper Selection
	Activation Likelihood Estimation Meta-Analysis

	Results
	Demographics and Global Overview
	Changes in Gray Matter
	Changes in White Matter
	Changes in Cortical Curvature
	Results of the Activation Likelihood Estimation Meta-Analysis

	Discussion
	Structural Brain Changes in Human Deafness
	Overview of the Results
	Impact of the Language
	Structural Changes in Auditory Brain Areas
	Structural Changes in the Frontal Lobe
	Structural Changes in the Visual Areas
	Structural Changes in the Cerebellum
	Structural Changes in the Insula
	Negative Results

	Comparison With Animal Model of Deafness
	Comparison With Visual Deprivation
	Limitations and Perspectives

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


