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Editorial on the Research Topic
Brain plasticity following sensory loss: from basic mechanisms to therapy

There is now ample evidence that both congenital blindness (CB) and acquired or
late-onset blindness (LB) trigger a myriad of brain neuroplastic changes. With the advent
of modern non-invasive brain imaging techniques such as positron emission tomography
(PET), (functional) magnetic resonance imaging (f)MRI, magnetoencephalography (MEG)
and diffusion imaging, the scientific study of the mechanisms mediating brain plasticity
following sensory loss has gathered momentum over the past decades. The first brain
imaging studies focused largely on blindness and revealed that the visually deprived occipital
cortex at rest is metabolically hyperactive. Ensuing studies showed that tactile input (e.g.,
Braille reading) and other forms of non-visual input activate the occipital cortex in CB and
to a lesser extent also in LB subjects. Brain morphometric and diffusion imaging studies have
further shed light on the associated brain structural changes. Although most of the initial
work strongly focused on the absence of vision, later studies also dealt with brain plastic
changes following loss of auditory input, and to a lesser extent following loss of smell, taste,
and somatosensory input. With this Research Topic, we wanted to further our understanding
of the mechanisms underlying brain plasticity following sensory loss, to highlight similarities
and differences between sensory loss in different sensory domains (e.g., vision, audition and
somesthesis), and to identify major challenges for novel avenues for therapeutic progress.
Finally, studies of the sensory-deprived brain also help us to shed new light on normal brain
development and function.

Therefore, this Research Topic of Frontiers in Neuroscience is timely and brings a
collection of ground-breaking novel research on the effects of sensory loss on neuroplastic
processes in humans and in animal models. We present nine original articles and two
systematic reviews that will contribute to expand our knowledge of brain reorganization
following sensory loss.

Description of the contents

The majority of the papers in this Research Topic deal with alterations in the visual
system. Arend et al. report that blind individuals have changes in cortical gyrification, an
anatomical measure that has not been previously reported in this context. The authors
show an increase in gyrification in several brain areas of CB individuals and, importantly,
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a negative correlation between gyrification and cortical thickness in
several different cortical areas. The authors discuss the impact of
their results in relation to brain development and plasticity. Yizhar
et al. used fMRI to study the role of the extrastriate body area
(EBA) in action-related functions in CB individuals. Their findings
indicate that the absence of visual experience does not favorize the
development of action-related responses in the EBA. Moreover,
CB participants showed a decrease in functional connectivity of
the EBA with sensorimotor cortices, whereas connectivity with
perception-related visual occipital cortices remained high. The
authors further demonstrated that action-related functions and
connectivity of the visual cortex are dependent on visuomotor
experience. Bleau et al. present a meta-analysis of the neural
substrates of spatial processing and navigation in blind individuals
through touch and audition. The meta-analysis reveals that
most studies agree that CB individuals recruit the same neural
pathways as sighted controls when processing non-visual spatial
information. The meta-analysis further shows that the primary
visual cortex and associative occipital areas are involved in visuo-
spatial processing via cross-modal plasticity mechanisms. The
authors discuss the results in terms of the amodality hypothesis
of spatial representations. Arbel et al. present novel data on face
recognition in CB individuals. The authors trained a group of CB
participants to use a visual-to-auditory sensory substitution device
to recognize faces, whereafter they participated in an fMRI study.
The results showed activation of the fusiform gyrus and other
face-responsive-regions of the ventral visual stream. The authors
concluded that there is a predisposition for sensory-independent
and computation-specific processing in specific cortical regions
that is independent of previous perceptual experience and that
is pertained following sensory deprivation. Nadvar et al. studied
resting state functional connectivity (rsFC) of area V1 following
sight restoration in patients with retinitis pigmentosa who were
implanted with the Argus II retinal prosthesis which partially
restores vision. The aim was to test whether sight restoration with
this treatment would reverse, in full or partly, the plastic changes
induced by the vision loss. Their results showed that the decrease
in rsFC between V1 and the post-central gyrus in CB participants
was partially reversed by vision restoration. The authors suggest
that rsFC between the occipital and somatosensory cortices could
provide a biomarker for functional plastic changes following vision
recovery. Maimon et al. report on visual perception in a small
but unique group of children who had undergone vision-restoring
cataract removal surgery as part of the Himalayan Cataract Project.
Some of the children in the study were born with cataracts and
gained a sense of sight for the first time, whereas others suffered
late-onset blindness in one eye alone. The authors discuss their
findings in the context of Molyneux’s problem, i.e., the ability to
correlate vision with touch quickly following sight restoration in
blind individuals, and Hubel and Wiesel’s theory of critical periods.

Two papers relate to plasticity following auditory deprivation,
one in humans and a second one in animals. Grégoire et al.
performed a meta-analysis of the literature on brain plastic changes
following hearing loss at birth or later in life. Hearing loss is a
growing problem in modern Western societies due to an aging
population. Moreover, knowledge of brain neuroplastic changes
could help to understand some disappointing results with cochlear
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implants, and therefore could improve hearing rehabilitation. The
literature research revealed that the most consistent finding in deaf
individuals was a volumetric decrease in gray matter around the
auditory cortex. In deaf children, an additional volumetric decrease
was reported in both gray and white matter at the level of the
visual cortex. Grégoire et al. further discuss the role of confounding
factors that could affect brain plasticity in deaf individuals such as
the use of sign language and hearing aids, and frequently observed
associated vestibular dysfunction or neurocognitive impairments.
Using kittens rendered deaf, Mitzetlfelt et al. investigated the
stimulus-driven neural activity associated with visual localization.
The researchers recorded visual evoked potentials (VEPs) in
response to visual stimuli presented at various eccentricities in the
visual field. Their results showed no significant changes in VEPs
in deaf cats that could explain the previously observed behavioral
advantage. The authors concluded that cross-modal plasticity in
deafness does not play a major role in cortical processing of the
peripheral visual field.

Two studies report on patient groups with either central or
peripheral lesions. Araneda et al. used diffusion MRI to study
changes in white matter (WM) architecture in the geniculo-
striate pathway in 40 children with unilateral spastic cerebral palsy
(USCP). The authors report several alterations in diffusion imaging
parameters of the optic radiations on the lesional compared with
the non-lesional hemisphere. Both the nature and the side of the
lesion (left or right hemisphere) had an impact on the type and
magnitude of the WM changes. In USCP with periventricular
and right-hemispheric lesions, the diffusion imaging parameters
correlated with the patients’ visuospatial assessment. Dedry et al.
studied three unique patients with unilateral vocal fold paralysis.
The patients were followed for 1 year with multiparametric
voice assessments and longitudinal fMRI during a sustained
phonation task and rsfMRI. One patient received an augmentation
injection in the paralyzed vocal fold. This patient showed a
bilateral activation of the voice-related nuclei in the brainstem
during sustained phonation. In addition, rsFC between the voice
motor/sensory brainstem nuclei and other voice-related ROIs
correlated with mean airflow measures in this patient. This
observation supports the hypothesis that promoting proprioceptive
feedback, by temporarily rehabilitating glottic closure, can enhance
the neural recovery process.

Finally, the study by Vaessen et al. addressed the question
whether there is an abstract representation of emotions in the
brain that is shared across stimulus types (face, body, voice) and
sensory origin (visual, auditory). Thereto, the authors studied
fMRI responses to ecological types of emotion expressions
of different types and modalities. Using multivariate statistical
analyses, the authors showed that there is a specific brain
organization for affective signals which depends on stimulus
category and modality. These findings are consistent with
the notion that emotion expressions conveyed by different
stimulus types have different functional roles in triggering rapid
adaptive behavior.

We hope that the papers presented in this Research
Topic of Frontiers in Neuroscience will contribute to a better
understanding of the mechanisms of cross-modal plasticity
following different forms of sensory loss and of sensory substitution

frontiersin.org
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and other restorative therapies that may lead to restoration of the
lost functions.
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Anais Grégoire’2*, Naima Deggouj’2, Laurence Dricot?, Monique Decat'? and
Ron Kupers?3+
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* Ecole d’Optométrie, Université de Montréal, Montréal, QC, Canada

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
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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; SLE superior longitudinal fasciculus; STG, superior
temporal gyrus.

etal. 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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Coil

Implant

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 Nerve

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 etal., 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 Al 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 A1l 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

Superior
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gyrus

Medial geniculate nuclei

of the thalamus
Colliculus inferior

Nuclei of the lateral
lemniscus

Cochlear nuclei

Superior olivary
complex

SLF

IFOF
UF

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

Frontiers in Neuroscience | www.frontiersin.org

March 2022 | Volume 16 | Article 850245


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Grégoire et al.

Brain Modifications in Congenital and Acquired Deafness

Hearing

Early-deaf

A1 Primary auditory cortex
A2 Second auditory cortex
AAF Anterior auditory field
DZ Dorsal zone

DooOE@
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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
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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 Al 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; Levinen and Hamdorf, 2001; Schiirmann 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 Newecastle-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 (Eickhoft 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
Eickhoft 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,
arecent 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
(LiJ. etal, 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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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
IT 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 deaf subjects, suggesting that these subcortical structures
thalamus, right lateral geniculate nucleus and right inferior participate in the rerouting of visual information to the right
colliculus are larger than their left counterparts in congenitally — 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).
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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.
etal., 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
etal., 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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ALE Score

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.

y=-33

Ml 0,018

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

Clusters Location Tissue type Related BA Coordinates of the center Size (mm?3) Contributing studies
(relative weight) (MNI)
X- y- z-
1 Rinsula, 52% WM 13 (26%), 41 (9%), 49 —-20 8 21562 Kim et al., 2009; Smith et al., 2011;
STG, HG 22 (7%) 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, 71% WM 22 (21%), 13 (4%) —-50 —-20 —-4,5 15562 Smith et al., 2011; Olulade et al.,
MTG 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 DTT 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
(Cukur 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 Iand II, lobules IV-V and IX-X (Leporé et al., 2010a; Liet 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 VIIL; 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; Marién 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 etal., 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.,, 20065
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
etal., 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 (fi., 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 CIL 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
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Resting-state functional connectivity (rsFC) has been used to assess the
effect of vision loss on brain plasticity. With the emergence of vision
restoration therapies, rsFC analysis provides a means to assess the functional
changes following sight restoration. Our study demonstrates a partial reversal
of blindness-induced rsFC changes in Argus Il retinal prosthesis patients
compared to those with severe retinitis pigmentosa (RP). For 10 healthy
control (HC), 10 RP, and 7 Argus Il subjects, four runs of resting-state
functional magnetic resonance imaging (fMRI) per subject were included in
our study. rsFC maps were created with the primary visual cortex (V1) as the
seed. The rsFC group contrast maps for RP > HC, Argus Il > RP, and Argus
Il > HC revealed regions in the post-central gyrus (PostCG) with significant
reduction, significant enhancement, and no significant changes in rsfFC to
V1 for the three contrasts, respectively. These findings were also confirmed
by the respective V1-PostCG ROI-ROI analyses between test groups. Finally,
the extent of significant rsFC to V1 in the PostCG region was 5,961 in HC,
0 in RP, and 842 mm?3 in Argus Il groups. Our results showed a reduction
of visual-somatosensory rsFC following blindness, consistent with previous
findings. This connectivity was enhanced following sight recovery with Argus
I, representing a reversal of changes in cross-modal functional plasticity as
manifested during rest, despite the rudimentary vision obtained by Argus Il
patients. Future investigation with a larger number of test subjects into this
rare condition can further unveil the profound ability of our brain to reorganize
in response to vision restoration.

resting-state functional connectivity, blindness, sight restoration, cross-modal
plasticity, retinal prosthesis, fMRI
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Introduction

Visual impairment has a negative effect on the quality of
life of those afflicted by limiting their day-to-day activities,
including environmental engagement and social opportunities.
Vision rehabilitation teaches skills that help them play a more
active and satisfying role in society (Bourne et al, 2012;
Khorrami-Nejad et al., 2016; National Academies of Sciences
Engineering and Medicine et al., 2016); however, rehabilitation
does not improve vision itself. Sight restoration approaches
have reached clinical trials and, in some cases, regulatory
approval. Gene therapy (Bennett et al., 2016; Ashtari et al., 2017;
Apte, 2018; Lee et al, 2019; Wang et al.,, 2020), optogenetic
(McClements et al., 2020; Simon et al.,, 2020), and retinal
prostheses (Zrenner et al., 2011; Fernandes et al.,, 2012; Stingl
et al, 2013; Zrenner, 2013; Cheng et al., 2017; BLoch et al,
2019) have all been tested in patients with retinal disease. The
degree of vision restoration provides patients with improved
mobility and object detection. However, in most cases, recipients
of these new therapies still have a significant visual impairment
despite the regained function. While behavioral experiments
that assess functional vision in real-world scenarios are the
most important endpoints, measures of the cortical response
to vision restoration can provide complementary information
that explains clinical outcomes and guides future development
of improvements in these therapies.

A need for biomarkers that help gauge patients
improvement during post-sight restoration rehabilitation
becomes consequential. The functional magnetic resonance
(fMRI) blood-oxygen-level (BOLD)
activation response has been utilized for assessing brain

imaging dependent
plasticity following sight restoration. One study showed that
prolonged use of the Argus II implant increased the fMRI BOLD
response to visual stimuli in the primary visual cortex (Castaldi
et al, 2016). Another neuroimaging experiment performed
on retinal gene therapy patients demonstrated significantly
enhanced fMRI activation in the visual cortex in response to
visual checkerboard stimulation (Ashtari et al., 2017) compared
to the same measurement made in the same individuals before
therapy.

Resting-state functional connectivity (rsFC) has been used
to gauge the plastic changes in the brain following sensory
deprivation. This approach has been extensively studied with
different analysis methods (Biswal et al., 1995; Bullmore and
Sporns, 2009; Li et al., 2009; van den Heuvel and Hulshoff
Pol, 2010; Van Dijk et al., 2010; Peltier and Shah, 2011;
Barkhof et al., 2014; Iraji et al., 2016; Lv et al., 2018; Seitzman
et al,, 2019). The rsFC analysis reveals the relationship between
spontaneous brain activity in different parts of the brain in the
absence of any cognitive or sensory stimulation. Numerous rsFC
studies have examined alterations in functional connectivity
between the visual cortex and other brain sensory or cognitive
areas following vision loss. This literature robustly shows that
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following visual sensory deprivation in congenital, early, and
late blindness, rsFC decreases both within the visual cortical
areas (Liu et al., 2008; Dai et al.,, 2013; Qin et al., 2014; Heine
et al., 2015; Murphy et al., 2016; Hou et al., 2017; Huang et al,,
2019; Hu et al., 2020) and between the visual cortex and other
sensory (somatosensory or auditory) cortices (Wittenberg et al.,
2004; Liu et al., 2008; Yu et al., 2008; Dai et al., 2013; Striem-
Amit et al., 2015; Murphy et al., 2016; Bauer et al., 2017; Wen
et al,, 2018; Huang et al., 2019). In contrast, the rsFC between
the visual cortex and cognitive regions of the brain has been
shown to have enhanced the following vision loss (Heine et al.,
2015; Striem-Amit et al., 2015; Murphy et al., 2016; Sabbah et al.,
2016, 2017; Bauer et al., 2017; Wen et al., 2018; Hu et al., 2020);
a phenomenon that has been attributed to increased top-down
influence in the visual cortex due to visual deprivation.

In contrast to the abundant literature supporting the
functional plastic changes in the brain following blindness, few
studies have examined alterations in functional connectivity
after sight restoration. A single analysis study on the effect of
sight recovery 3 years after gene therapy application showed
that rsFC between the visual and auditory areas was enhanced
after sight restoration, partially reversing the effect of blindness
(Mowad et al., 2020) and supporting the feasibility of using rsFC
as a biomarker of vision restoration. To further investigate the
relationship between rsFC and vision restoration, we studied
functional connectivity in a cohort of patients with retinitis
pigmentosa (RP) who were implanted with the Argus II retinal
prosthesis to determine if this treatment, which partially restores
vision, also reverses, in full or in part, the plastic changes
induced by the vision loss.

Materials and methods
Human subjects

A total of 27 subjects were included in the analysis
and divided into three groups: 10 healthy controls (HC-
5 women, age 54.50 £ 13.84), 10 RP blind (RP-3 women,
age 51.10 + 12.92), and 7 Argus II subjects (3 women,
age 64 £ 9.71)—the difference in age among the groups
240, p = 0.11). Details of
subjects’ demographic and clinical information are included in

was insignificant (F2, 24) =

Supplementary Tables 1, 2. The RP subjects were all blind
with visual acuity of worse than 20/200 and a visual field of
less than 20°, except for subject 13, which had a visual acuity
of 20/80-2 and 20/50 + 2 and a visual field of 2° or less in
both eyes. The Argus II subjects were legally blind from RP.
Their baseline vision was bare light or no light perception,
per the FDA-approved indication for Argus II. Out of the
27 subjects, 20 were recruited and consented to at 2 Human
Connectome for Low Vision (HCLV) data collection centers
per the approved Institutional Review Board at each center: the
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University of Michigan (UM) and the University of Southern
California (USC); this included 3 HC, 10 RP, and 5 Argus II
subjects at USC and 2 Argus II subjects at UM. The remaining
7 HC subjects’ data was sourced from the Human Connectome
Project for Aging (HCP-A) public database (Bookheimer et al.,
2019). One additional Argus II subject’s neuroimaging data
were collected at USC. However, the subject was determined
to be a significant outlier and was removed from the analysis.
For more details, please see the Subject Outlier Identification
section in Supplementary Material. Resting-state functional
runs showing the subject motion of more than 1 mm in any
of the x, y, or z directions were excluded from the analysis.
Moreover, the resting-state runs were included in the analysis
only if they were acquired at the beginning of the sessions before
any other task performance. These criteria excluded 22 out of
112 runs from the analysis among all the subjects in all the
sessions.

Argus Il retinal prosthesis

The Argus II retinal prosthesis is an epiretinal implant that
was the first retinal prosthesis with FDA approval obtained in
2013 and CE approval in 2011. The system comprises an internal
implant unit and an externally worn unit. The internal system
contains an intraocular array with an area of 3.5 by 6 mm,
covering an area of 11 x 19 degrees of the visual field. The array
isa 6 x 10 grid of platinum surface electrodes that are 200 pm
in diameter and spaced 575 pwm apart. The electronic supporting
case is sutured to the sclera and inductively receives power/data
from the external system. The external unit contains a video
camera mounted on a pair of glasses worn by the patient, a video
processing unit (VPU), and a battery. The camera transmits the
visual data to the VPU, where data are processed, sent to the
external coil, and relayed to the internal circuitry. RP patients
using Argus II could perceive motion (Dorn et al., 2013) and
showed the best visual acuity of 20/1,260 (Humayun et al., 2012).

Experimental paradigm

The UM, USC, and HCP-A data neuroimaging experiments
followed the same paradigm. Each scan visit was composed of
two scanning sessions separated by a break. The MRI scans
comprised structural and resting-state fMRI (rstMRI) scans.
During the rsfMRI runs, subjects were asked not to engage
in any tasks while lying in the scanner. Upon completing
the TIW scan, the technicians reviewed the quality of the
structural images captured during the first scan session. A re-
scan was performed during the second scanning session if
the scan quality was deemed low from the first session. The
participants completed a total of four runs of rsfMRI with their
eyes open under a dark foam mask at UM and USC. This was
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performed due to the inability of blind subjects to fixate. For
HCP-A rstMRI runs, healthy controls were asked to fixate while
lying in the scanner.

Data acquisition

Each subject acquired one anatomical and four resting-state
functional runs (2 runs per scan session). Structural MRI scans
at USC were acquired using a 3T Siemens Prisma scanner.
The TIW structural scans used MPRAGE (Magnetization
Prepared Rapid Gradient Echo) 3D acquisition, voxel dimension
0.8 x 0.8 x 0.8 mm?>, TI (inversion time)/TE (echo time)/FA
(flip angle) = 1,000 ms/2.22 ms/8°. The resting-state functional
runs were obtained with 2D gradient-echo (GRE) echo-planar
imaging (EPI) acquisition with multiband (MB) acceleration
factor = 8, voxel size of 2 x 2 x 2 mm?> with TR (repetition
time)/TE/FA = 800 ms/37 ms/52° with a total of 420 volumes
for each run. At UM, T1W images were obtained with a 3T
GE MR750 scanner with 3D spoiled gradient echo (SPGR)
with inversion recovery magnetization preparation, voxel size
of 0.5 x 0.5 x 0.8 mm?, T/TE/FA = 1,060 ms/Min Full/8°
(“Min Full” refers to the minimum TE to obtain full echo
acquisition). Functional runs were acquired with interleaved
GRE-EPI, MB = 6, voxel size 2.4 x 2.4 x 2.4 mm?® and
TR/TE/FA = 800 ms/30 ms/52°. Field maps were acquired
and used to correct the geometric distortion in EPI due to
magnetic field inhomogeneities. Scan parameters for HCP-A
structural and functional data were identical to USC parameters
(Harms et al., 2018). Harmonization of the data between the
HCLV collection centers at USC and UM was investigated using
the data from a traveling subject and a Function Biomedical
Informatics Research Network (fBIRN) phantom as a part of a
previous study (Nadvar et al., 2019). Refer to Supplementary
Material for a summary of the results of this analysis.

Data preprocessing

The field inhomogeneity inside the scanner (field map)
was calculated with the FSL Topup function and an in-
house Linux bash and MATLAB script. Using the Realign
and Unwarp functions in combination with the field map
toolbox in SPM, the susceptibility distortion, motion artifact,
and susceptibility-by-movement interaction were corrected.
The first 12 volumes were removed to ensure reaching a steady
state (and additionally, the last 46 volumes were removed for
HCP-A data due to a different length), yielding 420 volumes
for each functional run. The reference volume for motion
and field map correction was the 10th for UM data and the
single-band reference volume (SBRef) for USC and HCP-A
data. Motion correction parameters were created and used as
regression covariates. The origin of the structural and functional
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images was manually set at the anterior commissure to enhance
the outcome of the co-registration and normalization to the
standard template. Potential outlier volumes were flagged using
the MATLAB CONN toolbox (Whitfield-Gabrieli and Nieto-
Castanon, 2012) with the global BOLD signal above 5 standard
deviations or frame-wise displacement of more than 0.9 mm,
creating the scrubbing regression covariate. Using indirect
segmentation and normalization in CONN, the functional
and anatomical images were first co-registered using an affine
transformation. The structural image was then normalized to
standard MNI space and segmented into gray matter (GM),
white matter (WM), and cerebrospinal fluid (CSF). This process
continued iteratively until convergence, yielding non-linear
spatial transformation parameters that were then applied to
both anatomical and functional images; these images were
resampled to isotropic 1 mm and 2 mm voxels, respectively.
Functional images were spatially smoothed with a Gaussian
kernel with a 4 mm full-width-at-half-maximum (FWHM). The
anatomical component-based noise correction (aCompCor) was
also implemented using CONN to minimize physiological noise
further; the first five principal components of the BOLD in WM
and CSF were extracted to be used as confounding effects. All
the confounding factors, including the six translation/rotation
motion parameters and their derivatives, scrubbing covariates,
and WM/CSF covariates, were linearly regressed out of the
BOLD signal. Finally, the time series were bandpass filtered
between 0.008 and 0.0 Hz and linearly detrended.

Statistical analysis

Seed-based connectivity (SBC) maps were calculated using
CONN; bivariate Pearson’s correlation coefficients between the
average BOLD signal in primary visual cortex (V1) Region of
Interest (ROI) and the BOLD time series in the rest of the
brain were first computed and Fisher z-transformed. Group-
level SBC maps were created by applying a one-sample f-test
to Fisher’s z values associated with each voxel across subjects.
A two-sample t-test was used for contrast analysis between
the groups. The second-level analysis results were corrected for
multiple comparisons using cluster-level inference to control for
false positives. Parametric statistics were applied using Gaussian
Random Field theory (Worsley, 1996) with an uncorrected voxel
threshold of p < 0.001 and a cluster-level threshold of p < 0.05
for cluster size false discovery rate (FDR) correction. The
ROI-ROI functional connectivity between V1 and post-central
gyrus (PostCG) was also calculated as Fisher-transformed
correlation coefficients between these 2 ROIs in BOLD time
series, representing the effect size. Additionally, we looked at
the spread of significant FC in a target ROIL This was defined
as the cortical volume (in mm?) with a statistically significant
connection to the seed in group-level FC maps corrected at
the cluster level. Considerations of data normality, effect size,
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and power are further investigated as a part of section 5 in
Supplementary Material.

ROI selection

The 2020 Julich-Brain atlas (V2.9), an intricate volumetric
atlas based on the cytoarchitecture of the brain (Amunts et al,,
2020), was used to define ROIs. Given our a priori hypothesis
regarding the primary visual and somatosensory cortex, we
extracted these 2 ROIs from the atlas: the V1 was formed by
combining the respective left and right ROIs from the atlas.
PostCG, the location of the primary somatosensory cortex, was
defined by merging the areas 1, 2, 3a, and 3b on the left and right
sides as defined by the atlas.

Results

How does retinitis pigmentosa
blindness affect functional
connectivity to V1 at rest?

In order to evaluate the impact of blindness on functional
connectivity with the primary visual cortex, we obtained the
SBC maps for HC and RP groups as well as the between-
group contrast as indicated in Figures 1A-C), each corrected
for multiple comparisons using Gaussian Random Field Theory
with an uncorrected voxel-level threshold of p < 0.001 and a
cluster-level threshold of p < 0.05 FDR corrected for cluster
size. In both the HC and RP groups, V1 showed strong
functional connectivity to different parts of the occipital cortex,
primary and secondary somatosensory cortex, and inferior
temporal areas. Blue color-coded regions in Figure 1C highlight
areas in the RP group with significantly lower functional
connectivity to V1 than HC. In the indicated seed-to-voxel
functional connectivity map in Figure 1C, these areas overlap
with parts of higher-level visual areas such as the cuneus
and lateral occipital cortex, as well as regions in primary and
secondary somatosensory areas, motor cortex, and some parietal
association areas. In the ROI-to-ROI analysis (Figure 1D)
between V1 and PostCG, the effect size (Fisher z-transformed
correlation coeflicient value) was significantly lower in RP
compared with HC [t (18) = -5.39, p =4 x 107°].

How does partial sight restoration with
Argus Il alter functional connectivity to
V1 at rest?

We evaluated how partial sight restoration with Argus II
can alter intrinsic brain connectivity in RP blindness. SBC
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Comparing rsFC between RP and HC. Group-level rsFC maps using V1 as the seed for HC (A), RP (B), and RP > HC contrast (C) were corrected
for multiple comparisons using Gaussian Random Field Theory with an uncorrected voxel-level threshold of p < 0.001 and a cluster-level
threshold of p < 0.05 FDR corrected for cluster size. Areas with lower rsFC to V1 covered regions of higher-level visual, primary/secondary
somatosensory, motor, and parietal association cortex [blue blobs in (C)]. V1-to-PostCG ROI analysis (D) showed significantly lower rsFC effect
size in RP vs. HC, using two-sample t-test [t (18) = —5.39, *p = 4 x 10~°].

maps for RP and Argus II (Figures 2A,B) groups were
calculated and corrected for multiple comparisons with an
uncorrected voxel-level threshold of p < 0.001 and a cluster-
level threshold of p < 0.05 FDR corrected for cluster size.
Both groups demonstrated functional connectivity between V1
and other visual and inferior temporal areas. The contrast map
between the two groups, corrected for multiple comparisons, is
shown in Figure 2C. Intriguingly, the seed-to-voxel functional
connectivity map in Figure 2C revealed parts of primary motor
and somatosensory (pre- and PostCG) with enhanced rsFC to
V1 in the Argus II compared with the RP group. The ROI-
to-ROI analysis between our two areas of interest (V1 and
PostCG) in Figure 2D showed that the functional connectivity
significantly increased after partial sight restoration with Argus
11 [£ (15) = 3.62, p = 0.002].

How close are the results in the
sight-restored to normally sighted?

Having observed enhanced rsFC after sight restoration, as
demonstrated in Figure 2, an intriguing question is whether
this was a partial or full reversal compared to normally
sighted individuals. To that end, we compared the functional
connectivity maps for HC and Argus II groups (Figures 3A-
C) after correcting for multiple comparisons using Gaussian
Random Field Theory with an uncorrected voxel-level threshold
of p < 0.001 and a cluster-level threshold of p < 0.05
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FDR corrected for cluster size. The seed-to-voxel functional
connectivity map in Figure 3C shows that sight restoration with
Argus II was not able to fully reverse the blindness-induced
decrease in rsFC within the visual cortex, especially between
V1 and higher visual areas, as indicated by small blue color-
coded regions in the medial and lateral sides of the higher-
level occipital cortex. Interestingly, partial sight restoration
reversed alterations in V1 functional connections with the pre-
and PostCG. As indicated in Figure 3D, ROI-to-ROI functional
connectivity between V1 and PostCG showed no significant
difference between the HC and Argus II groups in a two-sample
t-test with ¢ (15) = -1.72, p = 0.10.

Effect of blindness and sight
restoration on the spread of significant
functional connectivity to V1

In order to evaluate how blindness and sight restoration
affect functional connectivity, one approach is to look at
the strength of this connection, as described in Figures 1-3.
Another way of evaluating such alterations is to consider how
broadly the connectivity patterns spread over a target ROL
To examine this, we defined another metric that measures the
extent of significant functional connectivity as the volumetric
area in the target ROI with a significant functional connection to
the source ROI Using V1 as the source ROI and PostCG as the
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FIGURE 2
Comparing rsFC between Argus and RP. Whole-brain rsFC map using V1 as the seed is calculated at the group level for RP (A) Argus Il (B) and
contrast Argus Il > RP (C). rsFC maps were corrected for multiple comparisons using the Gaussian Random Field Theory with an uncorrected

voxel-level threshold of p < 0.001 and a cluster-level threshold of p < 0.05 FDR corrected for cluster size. Areas with higher rsFC in Argus II
than RP involved pre- and PostCG regions. The ROI-to-ROI rsFC analysis between V1 and PostCG (D) additionally showed significant [t
(15) = 3.62, *p = 0.002] enhancement of this connectivity in Argus Il compared with RP.
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FIGURE 3

Comparing rsFC between Argus Il and HC. Using the V1 seed, the group-level rsFC maps for Argus Il (A), HC (B), and Argus Il > HC contrast (C)
were corrected for multiple comparisons using the Gaussian Random Field Theory with an uncorrected voxel-level threshold of p < 0.001 and a
cluster-level threshold of p < 0.05 FDR corrected for cluster size. The contrast map shows that the areas depicting lower rsFC to V1 were found
in some higher-level visual areas (shown in blue). The ROI-to-ROI rsFC analysis (D) revealed no significant difference in the V1-PostCG rsFC
effect size between Argus Il and HC groups, t (15) = -1.72, p = 0.1

target ROI, we computed the extent of significant connections functional connectivity to V1 in PostCG was 5,961 mm? in the
for HC, RP, and Argus II groups, as indicated in Figure 4B. HC group. This metric decreased to 0 mm?> for RP and then
Figure 4A shows that the calculated volumetric spread of increased to 842 mm? for the Argus II group.
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Argus Il

The extent of rsFC to V1. The volumetric extent in PostCG shows significant rsFC to V1 as the seed was calculated in mm?3 (A). This spread of
connectivity drastically reduced after blindness and partially increased following sight restoration in Argus Il. Areas in the whole brain with
significant rsFC to V1 for each of the three study groups are shown on the right (B). The dotted green area represents PostCG/primary

somatosensory cortex boundary

Discussion

This study investigated how the loss and subsequent re-
introducing of visual input can affect visual-somatosensory
functional connectivity at rest. At the group level, the
healthy controls demonstrated somatosensory cortex areas with
significant rsFC to V1. In the blind RP group, these regions
were significantly reduced in rsFC with V1. Additionally, we
evaluated the effect of partial sight restoration with the Argus
II retinal prosthesis at the group level. The results clearly
indicated a change in the opposite direction as a significant
increase in visual-PostCG rsFC in Argus II compared with the
blind RP group. Importantly, this level of increase rendered the
somatosensory-visual rsFC in the Argus II group at a level close
to the healthy controls, as no significant rsFC was observed
between the two regions in the contrast analyses, with either
connectivity maps or ROI analyses. Additionally, the extent of
regions in the somatosensory cortex with significant rsFC to V1
followed the same direction as the strength: reduction in the RP
blind compared with HC and enhancement in Argus II vs. the
fully blind RP group.

We focused on visual-somatosensory rsFC. This choice
allowed us to take advantage of the many prior studies of
the effects of blindness on visual-somatosensory cross-modal
plasticity, against which we could compare our findings. We
observed that RP blindness reduces visual-somatosensory rsFC;
this finding is consistent with many prior experiments that
evaluated rsFC in late-blind individuals (Wittenberg et al., 2004;
Dai et al.,, 2013; Murphy et al., 2016; Wen et al., 2018; Huang
et al.,, 2019). There is also similar evidence for this reduction
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in rsFC in the congenitally (Striem-Amit et al., 2015; Murphy
et al., 2016) and early blind (Wittenberg et al., 2004; Liu et al,,
2008; Bauer et al, 2017). Strikingly, some other studies on
the blind observed the involvement of the visual cortex in the
processing of language and mathematics as well—examples of
higher-level cognitive tasks (Bedny et al., 2011; Kanjlia et al,,
2016). rsFC has been shown to increase between visual and
cognitive areas following blindness (Heine et al., 2015; Striem-
Amit et al.,, 2015; Murphy et al.,, 2016; Sabbah et al., 2016, 2017;
Bauer et al., 2017; Wen et al., 2018). Such an effect on functional
connectivity following vision loss has been attributed to an
increase in the top-down impact on the visual cortex. One model
proposed to explain these unexpected alterations is the reverse
hierarchy. In normally sighted individuals, as information is
fed through the visual hierarchy, more and more complex
and abstract visual features will be processed, which will then
serve as an input to cognitive regions such as attention and
decision. The feedback connection from higher to lower regions
in the visual hierarchy serves to enforce selective attention and
learning. It has been proposed that in early-blind individuals,
this reverse connection serves to further elaborate information
from higher-level visual areas and provide an input containing
abstract information into the lower-level visual areas, giving
rise to cognitive processing in these regions. Reverse hierarchy,
however, has its own limitations in explaining the observed
cognitive processing in the visual cortex (Bareket et al., 2017;
Fine and Park, 2018).

Previous studies have attempted to evaluate brain alteration
following visual restoration using fMRI BOLD activation as
the metric. A study looked at the tactile-evoked cross-modal
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BOLD responses in occipital regions in two Argus II prosthesis
patients (Cunningham et al., 2015), one at 5 weeks and the
other at 15 weeks following implantation. The qualitative
assessment of their results indicated that the strength and
extent of activation in these subjects seemed to be affected
by the time since implantation in these two cases, with
the subject with a longer time post-surgery demonstrating
tactile-evoked visual activation levels closer to the group with
normal vision. However, given that only two subjects were
evaluated, no firm conclusions can be drawn from this study.
Another study evaluated auditory-evoked cross-modal BOLD
responses in patients whose sight was restored using RPE65
gene therapy technology (Mowad et al., 2020). Their qualitative
comparison of the study groups discovered that the baseline
blind RPE65 subjects had enhanced activations within the
bilateral visual cortices due to auditory stimulation. However, 3
years later, these activation patterns were significantly elevated.
Furthermore, in their study, the visual-auditory rsFC was
qualitatively shown to be reduced in the baseline blind RPE65
subjects compared to healthy controls, whereas it slightly
increased 3 years following gene therapy compared to baseline
RPE65 subjects. Although the results were based on a qualitative
comparison of activation maps between groups and not based
on group-level contrast maps, their findings have important
scientific implications.

Similar to gene therapy observations, our study revealed
enhanced rsFC between V1 and PostCG following partial sight
recovery with the Argus II retinal prosthesis. This represents
a reversal of the cross-modal plasticity initially induced by
blindness, as manifested at rest by using functional connectivity
as the metric. The noted alteration in rsFC is remarkable in that
it was observed even though retinal prosthesis patients regain
only basic vision and only occasionally use their prosthetic
implant. It is important to note that functional connectivity
during rest was used as the metric in our study to investigate
plastic changes in the brain following vision loss and restoration.
How functional plastic changes manifest during task execution
has been shown to be different from rest in blindness. In a
study on early blind individuals, Pelland et al. (2017) looked at
the apparent disagreement between task-dependent activation
or connectivity and resting-state functional connectivity in
the blind, i.e., an increase in cross-modal responses in the
visual cortex during a non-visual sensory task and the decrease
in rsFC between non-visual sensory and visual cortex. They
hypothesized that such a decrease in rsFC in early blind
individuals might be due to the involvement of the visual cortex
in a larger number of processing modes during rest, when the
brain is more available to explore various modes, resulting in
an increase in functional connectivity variability at rest. On
the other hand, increased functional connectivity during task
execution might be due to brain involvement in limited modes,
resulting in lower functional connectivity variability during the
task. Therefore, it is essential to note that the rsFC for groups
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presented in our study does not smoothly generalize to the brain
state during the execution of sensory tasks, such as tactile tasks.
However, our finding shows that rsFC could be potentially used
as a measure of functional plastic changes detectable during the
resting state in response to visual sensory loss and restoration.

Our findings are limited by the relatively small number of
participants. As such, we could not conduct a deeper analysis
that might have revealed links between patient characteristics
and rsFC. Recruitment is a challenge for any study, and Argus
II patients are rare. Yet, a larger study that allows stratification
and correlation analysis (using patient characteristics) has the
potential to provide valuable information that can benefit the
ongoing development of visual prostheses and other sight-
restoration therapies. Factors such as device usage, duration of
blindness, age, and time since implantation could all conceivably
play a role in the brain’s functional organization after the
therapeutic intervention. Our findings can serve as a starting
point for such a study or be included in a meta-analysis of other
similar studies that can increase the robustness of the results
through a pooling of data.

Conclusion

We showed that decreases in resting-state functional
connectivity due to blindness were partially reversed by
vision restoration. Despite advancements in vision restoration
technologies, the vision provided remains well below healthy
vision, and patient outcomes vary greatly. To better understand
this variability, metrics associated with vision improvement
are essential. The rsFC is a tool that has been broadly used
to track functional changes in the brain following blindness.
Studies of rsFC to investigate sight recovery are relatively
rare. Our study aimed to evaluate the effect of blindness on
visual-somatosensory rsFC and to further track changes in this
quantity after partial sight restoration with the Argus II retinal
prosthesis. Our investigation showed that visual-somatosensory
rsFC has the potential to serve as a biomarker for functional
plastic changes in the brain following vision recovery.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found below: The Retinitis
Pigmentosa (RP) and Argus II Human Connectome for Low
Vision (HCLV) data that support the findings of this study
have been provided to the Connectome Coordination Facility
(CCF) at Human Connectome Project organization. This data
is not yet available at CCF on https://humanconnectome.
org because CCF is still processing it. The Lifespan Human
Connectome Project Aging (HCP-A) data is openly available
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and can be accessed at the Lifespan dataset in NDA: https://nda.
nih.gov/general-query.html?q=query=featured- datasets:HCP%
20Aging%20and%20Development. Commercial application
software used for the analysis includes FSL, SPM, CONN,
FreeSurfer and MATLAB. Custom scripts for data management
are available upon request.
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Previous evidence suggests that visual experience is crucial for the emergence
and tuning of the typical neural system for face recognition. To challenge
this conclusion, we trained congenitally blind adults to recognize faces
via visual-to-auditory sensory-substitution (SDD). Our results showed a
preference for trained faces over other SSD-conveyed visual categories
in the fusiform gyrus and in other known face-responsive-regions of the
deprived ventral visual stream. We also observed a parametric modulation
in the same cortical regions, for face orientation (upright vs. inverted) and
face novelty (trained vs. untrained). Our results strengthen the conclusion
that there is a predisposition for sensory-independent and computation-
specific processing in specific cortical regions that can be retained in life-long
sensory deprivation, independently of previous perceptual experience. They
also highlight that if the right training is provided, such cortical preference
maintains its tuning to what were considered visual-specific face features.

fMRI, fusiform gyrus, visual deprivation, face perception, sensory substitution device,
blindness, training

Introduction

Visual face processing is a complex visual skill that enables the identification of
others, as well as the interpretation of expressions and affect. This skill develops
through the exposure to hundreds of thousands of face exemplars over the years in
varying conditions of light, changes in expression, gaze, and age (Maurer et al., 2002;
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McKone et al., 2007; Haist et al., 2013). A broad network
of brain regions involved in visual face recognition has
been identified using Functional Magnetic Resonance Imaging
(fMRI). The Fusiform Face Area (FFA) is located in the
visual extrastriate cortex and it is considered the hallmark of
face cortical processing in the human brain. FFA has notable
reproducibility for face identification and is part of the object-
recognition system within the ventral visual stream (Kanwisher
et al., 1997; Spiridon et al., 2006). This ventral-stream node
has been shown to be strongly responsive to the invariant face
components used for identity judgment when presented in the
upright orientation (Haxby et al., 2000; Ishai, 2008) and to
have a preference for familiar over unfamiliar face exemplars
(Visconti di Oleggio Castello et al., 2017). Additional face-
responsive regions include the occipital face area (OFA) and
the temporal face area in the superior temporal sulcus (STS);
these, along with the FFA, compose the core network for face
identification (Haxby et al., 2000; Ishai, 2008). The extended
network for face recognition includes the amygdala and insula,
where emotional responses to faces are processed, the anterior
temporal lobe, which mediates aspects of biological information,
and the inferior frontal gyrus (IFG), where face-related semantic
aspects are processed (Haxby et al., 2000, 2002; Ishai et al., 2005;
Gobbini and Haxby, 2007; Ishai, 2008; Avidan et al., 2014).

Since experience with faces relies heavily on visual input,
will face-responsive regions retain their preference and unique
properties in cases of life-long visual deprivation? This question
is particularly relevant when embedded within accumulating
evidence documenting that in congenitally blind adults, nearly
all the known regions in higher-order visual cortices which were
heretofore considered “visual” can be activated by any sensory
modality (e.g., by audition or touch rather than vision), while
retaining their functional selectivity, for example, to objects in
the lateral occipital complex (e.g., Amedi et al., 2007), to spatial
localization in the middle-occipital gyrus (e.g., Collignon et al,,
2011), to spatial layout in the parahippocampal area (Wolbers
et al,, 2011), to motion detection in MT+/V5 (e.g., Ricciardi
et al., 2007), or to letters and number identification in visual
word form area and in number form area, respectively (e.g.,
Reich et al., 2011; Striem-Amit et al., 2012; Abboud et al., 2015).

This evidence has given rise to a new theory of brain
organization proposing that brain specializations are driven
by specific sensory-independent computations rather than by
sensory-specific processes as classically conceived (Heimler
et al., 2015; Amedi et al., 2017).

However, cortical regions in the ventral visual stream
normally responding to visual faces, with a special emphasis on
FFA, are suggested to diverge from this theory, as evidence of
FFA-preserved computational-selectivity in congenitally blind
adults is inconsistent (Bi et al., 2016). Specifically, one line
of research investigated whether FFA becomes responsive to
human-emitted sounds when lacking visual experience across
the lifespan and thus not developing typical face preference.
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Within this framework, one study reported FFA-like activations
in congenitally blind adults in response to certain types of
human-emitted sounds [e.g., chewing sounds; see van den Hurk
et al, 2017, and a replication in Murty et al. (2020)]. However,
other studies failed to show any FFA compatible activations for
a more distinctive set of person-specific sounds, namely voices
(Holig et al., 2014; Dormal et al., 2018). Voices are a “special”
human-related sound for people who are blind, as they represent
the type of sensory information the blind rely on the most
to identify people in their everyday lives. This lack of FFA-
related activation for voices suggests that the computation of
FFA may not specifically rely on identity judgments and may be
more related to the components of human shapes (Konkle and
Caramazza, 2013; Shultz and McCarthy, 2014; Bi et al., 2016).

In accordance with this latter consideration, another line
of research investigated whether potential face preference in
congenitally blind individuals may arise from haptic exploration
of 3D face images. Despite social constraints limiting the extent
of human identification via touch in people who are congenitally
blind (Murty et al, 2020), they are still able to gain some
experience of the general structure of faces from their own
faces and those of their loved ones. This is evidenced by studies
showing the ability of the congenitally blind to successfully
classify 3D objects as belonging to the face category (Kilgour
and Lederman, 2002; Murty et al, 2020). These behavioral
results have been explained by suggesting that their extensive
experience with touch for the purposes of object recognition,
could result in connections between the somatosensory system
and the object-identification regions within the ventral visual
stream, therefore also including face regions (Bi et al.,, 2016).
A recent study tested this hypothesis by asking congenitally
blind adults to explore 3D faces via touch, while investigating
face preferences within a pre-defined region in the deprived
ventral visual stream (Murty et al., 2020). Results revealed
preferential activation for 3D haptically explored faces over
other categories in the blind in a location similar to that of
the sighted FFA. This study suggested that in the absence of
visual experience, some aspects of face preference in the ventral
visual stream can arise through the haptic modality. This result,
however, stands in contrast with a previous investigation which
failed to report ventral stream activations in the congenitally
blind for haptic face exploration (Pietrini et al., 2004).

All these results highlight some unexplored questions
about the properties of face preference in congenitally blind
adults. First, it is still unknown whether face preference in
the deprived ventral visual stream is retained only for tactile
processing or it extends to other spared sensory modalities,
i.e., audition, namely a sensory-modality that people who are
blind do not typically use for object recognition. Previous
studies showed that congenitally blind adults can successfully
perceive various object shapes (but not faces) via audition
using visual-to-auditory Sensory Substitution Devices (Amedi
et al., 2007; Striem-Amit and Amedi, 2014; Abboud et al., 2015).
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These SSDs transform visual information into audition using
a specific algorithm that maintains core visual features such
as objects’ shapes, locations, and even color (Meijer, 1992;
Abboud et al., 2014). However, the little overall experience
with face-shapes that blind acquire through touch may not be
anchored enough in the deprived visual cortex to support a
generalization to an entirely novel sensory-modality (i.e., SSD-
conveyed auditory face-shapes). Second, and furthermore, other
distinctive characteristics of face specificity within the ventral
visual stream, such as the preference for upright over inverted
faces (Yovel and Kanwisher, 2005; Rosenthal et al., 2016) or the
difference between familiar and novel faces (Visconti di Oleggio
Castello et al., 2017) remain unexplored in the visually deprived
population. Finally, previous studies mainly focused on FFA
activations alone, and therefore it is still unclear whether other
regions of the face network become also activated by atypical
sensory modalities.

To address these open issues, we trained a group of
congenitally blind adults to perceive face shapes via audition
using visual-to-auditory SSDs. Our blind participants were
expert SSD users with dozens of hours of previous training
with SSDs, albeit tailored to the perception of simpler objects.
To teach participants the perception of the much more
complicated colorful face soundscapes, we designed a ~12 h
training program specifically tailored to teach the perception
of face shapes in their upright orientation, alongside additional
similarly long training targeting other “visual” categories.
Specifically, we trained our participants to perceive short words
via SSD using a novel auditory SSD alphabet we developed
(Arbel et al.,, 2020). This allowed us to explore the role of
subordinate object identification associated with face exemplars,
as well as experience with a novel category of stimuli (Gauthier
and Tarr, 1997; Gauthier et al., 1999, 2000a).

We also trained our participants to use SSDs to recognize
hand gestures to investigate the extent to which deprived cortical
regions retain their preference for general animate objects in
addition to face processing in the blind brain, as in the sighted
brain (Peelen and Downing, 2005; Konkle and Caramazza, 2013;
Kaiser et al, 2014; Shultz and McCarthy, 2014; Fisher and
Freiwald, 2015; Thorat et al., 2019). Hand gestures, like faces,
are stimuli for which congenitally blind adults have significantly
lower perceptual experience through their remaining sensory-
modalities during daily life compared to the sighted, with the
exception of proprioceptive cues (Bi et al., 2016).

Finally, we tested the responses of congenitally blind adults
to human voices, the stimulus congenitally blind individuals
rely on the most across their lifespan to identify other people.
With this additional control, we investigated whether general
person-specific sound processing overlaps with putative face-
shape related preferences in the congenitally blind brain or
rather emerges in distinctive voice-specific regions (Gougoux
et al., 2009; Dormal et al., 2018) (for results in the deaf brain,
see Benetti et al., 2017).
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After training, we presented our participants with stimuli
belonging to all the above categories, while testing their neural
responses using fMRI.

Taken together, our results show a maintained preference
for face shapes in the ventral visual stream of the congenitally
blind brain, with properties largely similar to those reported for
the sighted brain. Specifically, we show preference for trained
upright faces vs. words in a location near the sighted FFA, as well
as a preference for faces over scramble faces in a similar location,
accompanied by activations in a location near the sighted
OFA, another core face region. In addition, we also observed a
modulation by orientation and novelty of faces such that trained
upright faces activated the face-responsive regions more than
untrained inverted faces and of entirely novel faces. Crucially,
both hand-gestures and faces activated the fusiform gyrus, albeit
a Region of Interest (ROI) analysis suggests stronger activations
for faces than hand-gestures. This latter result suggests that
animacy processing is retained in the deprived fusiform gyrus.
Finally, and in line with previous evidence, no activation for
voices emerged in the deprived ventral visual stream. Taken
together, these results further suggest that visual experience early
in life is not the key factor shaping the emergence and properties
of typical face preference in the ventral visual stream.

Materials and methods

Participants

Seven congenitally blind participants (five women, average
age: 39 £ 5.3 years) with no reported neurological conditions
or contra-indications for undergoing MRI scans, and with
extensive (>50 h) experience with SSDs participated in the
experiments. For detailed characteristics of participants see
Table 1.

The Hadassah Medical Center Ethics Committee approved
the experimental procedure; written informed consent was
obtained from each participant. Participants were reimbursed
for their participation in the study.

The EyeMusic algorithm

The EyeMusic visual-to-auditory SSD was used to teach
participants to identify whole-face shapes, as well as words and
hand gestures (see details in the following section). EyeMusic
transforms each pixel of a given image into what we term
auditory soundscapes, namely an auditory pattern preserving
shape, color, and spatial layout of objects. In brief, the EyeMusic
algorithm down-samples each image to 50*30 pixels. Then,
using a sweep-line approach, it transforms each pixel in a
given image into a corresponding sound using the following
parameters. First, the x-axis is mapped to time; each image is
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scanned column-by-column from left to right, such that pixels
on the left side of the image are played before those on the
right. Second, the y-axis is mapped to pitch variations using
the pentatonic scale, such that the lower the pixel in the image,
the lower the corresponding pitch sonifying it. Third, color is
conveyed through timbre manipulations, such that each color
is played using a different musical instrument, and brightness
levels are conveyed via sound volume variations. EyeMusic has
five colors (white, green, red, blue, and yellow), and black is
mapped as silence (Figure 1A) (for full details, see Abboud et al.,
2014).

EyeMusic training sessions

Face identification

Face identification via shape recognition is a visually
dominant skill with which congenitally blind adults have little
if any experience. Therefore, before training, our congenitally
blind participants were largely unaware of face-related shapes.
Thus, a crucial aspect of our structured training program was
familiarization with this novel object category.

Furthermore, auditory face identification is an extremely
challenging behavioral task because of the complexity of
the soundscapes created by faces. Therefore, our training
program also focused on teaching participants how to interpret
such auditory complex soundscapes. This is why we selected
participants who were already proficient EyeMusic users with
extensive previous training with the device (>50 h) before
face training began. Note, however, that unlike their previous
training which consisted mostly of line drawing of simple
shapes, participants were presented with images filled with color
and with colorful features embedded within the images whose
interpretation was crucial to succeed in the task.

We constructed a training program that included five
sessions of 2 h each (participants received additional “refresher”
sessions up to 12 h in total). For full details of the training
program see Arbel et al, 2022. In brief, participants were
introduced to 6 cartoon faces which were adapted from the
children’s game “guess who” and translated into soundscapes
using EyeMusic (see Supplementary Figure 2A). In the first

TABLE 1 Participants’ demographic information.

10.3389/fnins.2022.921321

stages of the training, participants learned to interpret only
horizontal strips of the images (bottom, top, and middle),
to gradually advance their skill so they could focus on
perceiving small details embedded within the complex sounds
(Supplementary Figure 1). Even if during this phase we
presented portions of faces, we never trained single facial
features in isolation: each strip contained multiple facial features
(e.g., each top strip contained hair, eyes, glasses, etc.). This is
very different from tactile exploration where each facial feature
is generally explored alone, separately from the others.

After familiarization with face-strips, participants were
gradually introduced to the full face images, until they learned to
identify all 6 cartoon faces. Identification consisted of learning
the perception of each of these faces as a whole, as well as the
features included in each face (e.g., eye or hair color, glasses,
beard, etc.), and only then learning the name associated with
the face. This latter training strategy was introduced because
it was shown that assigning names to new faces improves face
recognition skills (Schwartz and Yovel, 2016). In addition, it was
introduced to make the training program more similar to our
other training programs (see below) where each trained object
had distinctive names.

Word training and other visual category
training

The word training aimed at teaching our participants a
novel orthography that we created by merging Braille and
Morse features and transformed via EyeMusic to soundscapes
(for full details see Arbel et al., 2020). During this structured
training program, participants learned to read using this new
orthography. The duration of training was the same as for
face training. Training also included color, as each letter
was consistently presented in one of three possible colors.
Specifically, during training, participants first learned to identify
half of the Hebrew alphabet (11 letters), and then learned to
read short words and pseudo-words of up to five characters
comprised of these letters. In the experiments described in this
work, we included three 3-letter words using only trained letters.

Participants were trained to identify stimuli belonging to
additional visual categories in similar computation-specific
training programs. These included hand gestures (e.g., closed

Participant ~ Age Blindness cause Light perception ~ Age at blindness onset Braille reading ~ Handedness
FO 32 Microphthalmia No 0 Yes (since age 5) Right

FH 41 Leber’s disease Faint 0 Yes (since age 5) Ambidextrous
NN 44 Retinopathy of prematurity No 0 Yes (since age 6) Right

PC 40 Retinopathy of prematurity No 0 Yes (since age 6) Right

PH 41 Retinopathy of prematurity No 0 Yes (since age 5) Right

FN 32 Leber’s disease Faint 0 Yes (since age 5) Ambidextrous
DS 33 Retinopathy of prematurity No 0 Yes (since age 6) Right
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FIGURE 1

(A) Examples of some of the visual stimuli used, with their corresponding spectrograms after sonification via the Eye-Music visual-to-auditory
SSD for trained and scrambled faces. (B) Trained faces > scrambled faces. Left: RFX-general linear model (GLM) analysis showed a bilateral
cluster in fusiform gyrus (FG) (Talairach coordinates: right: 19, -68, —13 (zoom); left: —-34, —65, —14). We also found bilateral clusters of
activation in a region within the middle occipital gyrus, including the location of occipital face area (OFA) as described in the sighted (Talairach
coordinates: right: 21, -94, -5; left: -33, —-82, —8) and a cluster of activation in the left inferior frontal gyrus (IFG, Talairach coordinates: —45, 8,
31), two other cortical regions known to be involved in face processing. No preference for faces was observed in the auditory cortex (top panel).
Right: The probability map obtained from the overlap of single participants’ activations for the same contrast reveals a remarkably consistent
face preference in FG. (C) Trained faces > Scrambled faces. Individual peaks of activation in bilateral FG for all participants are located around
the canonical location of the fusiform face area (FFA) in the sighted, lateral to the mid-fusiform sulcus. (D) Region of interest (ROI) approach:
significant preference for trained faces > scrambled faces within the canonical location of the sighted right FFA. **P < 0.005.

hands in a fist, fully open hands, closed fist with index, and
middle finger stretched out - the three hand-gestures used in
the game “rock, paper, and scissors”). A detailed description and
results of these additional training programs will be reported
more thoroughly in future publications.

Behavioral experiments
Prior to the fMRI experiment, to ensure training

effectiveness and the feasibility of the tasks inside the
scanner, each participant completed three behavioral tasks
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[results are detailed in Arbel et al. (2022)]. Briefly, the first
was a naming task in which participants named each of the
six characters learned during training. Each character was
played repeatedly until participant named it (roughly within
two repetitions). Each character was presented in 16 separate
trials, 96 trials overall presented in random order. Each face
soundscape lasted 2.5 s, the same length as the soundscape
presentations in the scanner. Participants provided their
responses verbally, and the experimenter entered them into
the computer. The rate of correct responses was analyzed
using a t-test against chance level (17%) (see Supplementary
Figure 2B).
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The second task was an orientation task. A character was
repeatedly played in either the standard upright (trained)
or inverted (up-side down) orientation (untrained) until
participants identified the orientation (roughly within two
repetitions). Participants were instructed to verbalize their
answer, and the experimenter entered the results into the
computer. Each character in each orientation was presented
five times (five separate trials) for a total of 60 trials presented
in random order. Each face soundscape lasted 2.5 s, the same
length as the soundscape presentations in the scanner. The rate
of correct responses was analyzed, using a ¢-test against chance
level (50%) (see Supplementary Figure 2A).

The third task was a new-faces task. Each of the six trained
faces, as well as each of the six untrained faces, was presented
repeatedly until participants identified whether the character
was familiar or unfamiliar. Untrained faces were created using
visual attributes similar to those of the trained faces (see
Supplementary Figure 2A). Participants were instructed to
verbalize their response, and the experimenter entered it into the
computer. Each character was presented six times (six separate
trials) for a total of 72 trials presented in random order. Each
face soundscape lasted 2.5 s, the same length as the soundscape
presented in the scanner. The rate of correct responses was
analyzed (see Supplementary Figure 2B) using a t-test against
chance level (50%).

The order of tasks was always the same: first, the naming
task; then, the orientation task, and finally, the new-faces task
following the fMRI session, to avoid presentation of the novel
faces prior to investigation of neural processes mediating face
perception. All behavioral tasks were programmed with the
Presentation software.

Functional magnetic resonance
imaging experiments

Functional and anatomical magnetic
resonance imaging acquisition

BOLD
measurements were obtained in a whole-body, 3-T Magnetom

functional  magnetic = resonance  imaging
Skyra scanner (Siemens, Germany). Scanning sessions included
anatomical and functional imaging. Functional protocols were
based on multi-slice gradient echoplanar imaging (EPI) and a 20
channel head coil. The functional data were collected under the
following timing parameters: TR = 2 s, TE = 30 ms, FA = 70°,
imaging matrix = 80 x 80, field of view (FOV) = 24 x 24 cm?
(i.e., in-plane resolution of 3 mm). Twenty-nine slices with slice
thickness = 4 mm and 0.4 mm gap were oriented —22° from the
axial position, for complete coverage of the whole cortex while
minimizing artifacts from the frontal sinus. The first 10 images
(during the first baseline rest condition) were excluded from the

analysis because of non-steady state magnetization.
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High resolution three-dimensional anatomical volumes
were collected using a 3D-turbo field echo (TFE) T1-weighted
sequence (equivalent to MP-RAGE). Typical parameters were:
FOV 23 cm (RL) x 23 cm (VD) x 17 cm (AP); Foldover- axis: RL,
data matrix: 160 x 160 x 144 zero-filled to 256 in all directions
(approx. 1 mm isovoxel native data), TR/TE = 2,300 ms/2.98 ms,
flip angle = 9°.

Pre-processing functional magnetic resonance
imaging data

Data analysis was performed using Brain Voyager QX
2.0.8 software Maastricht,
Netherlands). steps  included
head motion correction, slice scan time correction, and

package (Brain Innovation,

fMRI data pre-processing

high-pass filtering (cut-off frequency: 2 cycles/scan). No
head movement beyond 2 mm was detected in the collected
data; thus, all participants were included in the subsequent
analyses. Functional data underwent spatial smoothing (spatial
Gaussian smoothing, full width at half maximum = 6 mm)
to overcome inter-subject anatomical variability within and
across experiments. Functional and anatomical datasets for each
subject were first aligned (co-registered) and then transformed
to fit the standardized Talairach space (Talairach and Tournousx,
1988).

Functional imaging experiments
Block-design experiment, modulated faces

First, to isolate the neural network recruited for auditory
(Eye Music SSD) face recognition, we conducted a block-
design experiment using four sets of face stimuli: condition a,
trained faces; condition b, trained faces in the untrained inverted
orientation (inverted faces); condition c, entirely new, untrained
faces (new faces); condition d, scrambled faces. Condition a,
trained faces, comprised six colorful faces participants learned
to identify during training. In condition b, inverted faces, each
of the six trained faces was sonified using EyeMusic in its
untrained, inverted (upside down) orientation. In condition c,
new faces, six visually similar faces that were not introduced
during training were presented. In condition d, scrambled faces,
the six familiar faces were divided into nine parts, and then
scrambled randomly using MATLAB. The resulting images were
sonified via EyeMusic (see Supplementary Figure 2A for visual
representations of all stimuli, as well as spectrograms of the
soundscapes in the experiment).

The conditions were presented in a block design paradigm.
The experiment was programmed using Presentation software.
Each condition was repeated 6 times, in a pseudorandom order,
for a total of 24 blocks. To increase data robustness, we collected
data over 4 runs using the following design. In each block, two
different stimuli belonging to the same experimental condition
were displayed, each lasting 5 s (two consecutive repetitions
of 2.5 s per stimulus), followed by a response interval of 2 s.
Each block started with an auditory cue indicating the tested
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category which lasted for 2 s (trained faces, inverted, new,
and scrambled). Participants were instructed to listen carefully
to the soundscapes and to provide their responses using a
response box at the end of both repetitions of a stimulus. Motor
tasks were added to confirm participants remained engaged
during the entire length of the experiment. For trained and
inverted conditions, participants were instructed to identify the
character. To limit the number of stimuli of each condition to
three and thus allow only one response box in the scanner, two
of the four runs consisted of female characters in all blocks
presented, and two runs consisted of male characters in all
blocks presented. Each block lasted 16 s and was followed by
a 10 s rest interval. New faces could not be asked to be directly
identified, as they were introduced to participants for the first
time during training. Thus, participants were instructed to listen
carefully to each soundscape; to control for motor response
and to ensure that participants paid attention to the shape
characteristics of the presented soundscapes, we used a vision-
related task: if they could identify yellow features, they were
instructed to press 1, if not, 2. For scrambled faces, participants
were instructed to closely attend to the auditory stimuli.
Additionally, to ensure engagement and attendance to these
stimuli, as well as a motor control, they were also instructed to
press any response key at the end of each stimulus presentation.
Before entering the scanner, participants were familiarized
with the tasks inside the scanner, especially concerning the
response box, to make sure the response mapping was fully
understood by all. Digital auditory soundscapes were generated
on a PC, played on a stereo system, and transferred binaurally to
the subjects through a pneumatic device and silicone tubes into
commercially available noise shielding headphones.

Visual categories experiments
Event-related experiment

Stimuli from three categories were included. Faces:
soundscapes of the three male trained characters. Written
words: soundscapes of three 3-letter words presented in a novel
auditory orthography designed for EyeMusic compatibility.
Hand gestures: soundscapes of three trained hand gestures were
included in the experiment, taken from the paper-rock-scissors
game: a hand featuring the gesture of a “rock” (fist), a gesture of
“paper” (open hand), and “scissors” (two straight fingers, other
fingers in a fist). The conditions were presented in an event-
related paradigm. The experiment was programmed using
Presentation software. Each trial consisted of two repetitions of
a stimulus, lasting 2.5 s each, followed by a rest interval of 11 s.

Participants were instructed to covertly classify each of the
stimuli as belonging to the face, words or hand-gesture category
and to identify each exemplar (i.e., identify the specific face
character, read the specific word or identify the specific hand-
gesture presented). The experiment consisted of two identical
runs. Over the two runs, each stimulus was repeated 10 times,
for a total of 30 trials per category.

Frontiers in Neuroscience

47

10.3389/fnins.2022.921321

Block design experiment

The same nine stimuli from the above experiment were
included, together with three soundscapes of scrambled images
of houses as control stimuli, presented in a block design. The
experiment was programmed using Presentation software.

In each block, two different stimuli of the same condition
were presented, each lasting 5 s (two consecutive repetitions of
2.5 s per stimulus), followed by a response interval of 2 s. Each
block started with an auditory cue indicating tested category
(faces, words, hand gestures) lasting 2 s. All blocks lasted 16 s
and were followed by a 10 s rest interval. Participants were
instructed to identify each stimulus and provide their responses
using a response box after listening carefully. Before entering
the scanner, all participants were familiarized with the stimulus-
finger mapping. For the “scrambled” condition participants
were instructed to press randomly, for a motor response.

Data were pooled for analysis across block and event-related
designs for the “visual categories” experiments to increase the
data’s robustness.

Human voice localizer

To localize the temporal-voice area (TVA) in our
congenitally blind participants and explore possible ventral
stream activations in response to human voices, we used the
seminal fMRI voice localizer introduced by Belin (for details,
see Belin et al., 2000; Pernet et al., 2015). In brief, the 10 min
localizer contains blocks of vocal and non-vocal sounds in
similar power spectra, allowing direct comparison of the two
categories while avoiding auditory sampling bias. Vocal blocks
contain human vocal sounds from different speakers, speech
sounds and non-speech sounds (i.e., emotional and neutral
sounds, such a cough). Non-vocal sounds contain natural
sounds (e.g., wind), animals (e.g., sea waves), man-made
sources (e.g., cars), and classical musical instruments (e.g., bells,
harps). Each block lasted 20 s with 10 s of silence between
consecutive blocks.

Quantification and statistical analysis
Probability mapping

To probe the anatomical consistency of face-specific regions
among blind participants, we used overlap probability mapping.
For each participant, we obtained individual activation maps
for the specific contrast (Face > Scramble; Voice > Natural
sounds; Faces > Baseline), with a threshold of p < 0.001 before
correction, then corrected for multiple comparison using the
spatial extent method based on the theory of Gaussian random
fields (Friston et al., 1994; Forman et al., 1995). This was done
based on the Monte Carlo stimulation approach, extended to
3D datasets using the threshold size plug-in for BrainVoyager
QX with p < 0.05. Then, we computed the overlap probability.
This was a way to investigate the consistency of activations
across participants, as this analysis provided the percentage of

frontiersin.org


https://doi.org/10.3389/fnins.2022.921321
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Arbel et al.

participants who showed a given active voxel in the specific
contrast of interest.

Whole-brain general linear model analysis

To compute statistical maps, we applied a general linear
model (GLM) using predictors convoluted with a typical
hemodynamic response function (Friston et al., 1999). Across-
subject statistical maps were calculated using hierarchical
random-effects model analysis (Friston et al, 1999). All
GLM contrasts between two or more conditions included an
additional comparison of the first conditions of the subtraction
to baseline (rest times between the epochs), to ensure only
positive BOLD changes would be included in the analysis.
The minimum significance level of all results obtained using
GLM analysis was set to p < 0.001 before correction, and then
corrected for multiple comparisons to p < 0.05 using a cluster-
size threshold adjustment for Monte Carlo simulation approach
extended to 3D datasets, using the threshold size plug-in Brain
Voyager QX (Forman et al.,, 1995). The minimum cluster size
for the contrast Face > Scramble was 30 voxels. The minimum
cluster size for the contrast Face > Words was 23 voxels. The
minimum cluster size for the contrast Human voices > Natural
sounds was 20 voxels.

Whole-brain parametric general linear model analyses

To find regions showing modulated response to faces due to
face novelty and change in orientation, we conducted a whole-
brain parametric analysis. Parametric modulation analysis is
used to identify modulations in brain activation in response to
consistent variations in stimuli belonging to the same group of
objects (Biichel et al., 1998; Wood et al., 2008; Eck et al., 2013).

Each of the four conditions (trained faces, inverted faces,
new faces, and scrambled faces) was assigned a predictor
value used as a regressor in GLM analysis. All predictors
were convoluted with a typical hemodynamic response function
(Friston et al., 1999). This analysis was carried out twice. First,
we used ordinal weights based on objective experience with the
specific stimulus type: trained faces, followed by inverted and
untrained faces (both untrained), followed by scrambled faces
as a control. Second, weights were assigned to match the ratio
of activation as reported in the literature for sighted individuals
who perceive faces visually. The ratio of BOLD signal change
between familiar faces and scrambled faces was calculated from
Kanwisher et al. (1997) to be 3.2. The ratio of BOLD signal
change between faces and inverted faces was calculated from
Yovel and Kanwisher (2005) to be 1.23. The predictor weight
for new faces received the same value as inverted faces in both
analyses, following the hypothesis that strength of activation for
novel faces will follow experience-related predictions.

To obtain

modulations but also differential activations in relation to

regions showing not only face-related

change in orientation and face familiarity, we applied a
conjunction (AND) condition, comprising the parametrically
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modulated condition and the “main” unmodulated
face activation.

All parametric analyses were reported using a threshold
of p < 0.005 before correction (Eck et al, 2013) (see
Supplementary Figure 3A for results with p < 0.001), and
then corrected for multiple comparisons using a cluster-size
threshold adjustment for the Monte Carlo simulation approach
extended to 3D datasets, using the threshold size plug-in Brain
Voyager QX at p < 0.05 (Forman et al., 1995). The minimum
cluster size for the parametric modulation using ordinal weights
based on objective experience was 59 voxels, and the minimum
cluster size for the analysis using literature-based weights was 57

voxels.

Single-subject fusiform gyrus peaks

To assess the individual variability of fusiform gyrus
recruitment for auditory SSD face processing, and to ensure
the peak of the activation in the ventral visual stream
was indeed in the fusiform gyrus, we extracted the peak
activation of each participant in the ventral visual stream,
bilaterally for the contrast Trained faces > Scrambled faces. For
demonstration purposes, a 6 mm sphere was created around
these peaks and then plotted on a 3D graph. Results were also
projected on a 3D brain.

Region of interest analysis

First, to investigate the preference for auditory faces over
scrambled faces within the location of the right FFA in sighted
individuals, we created a 6 mm sphere ROI around its canonical
coordinates (Talairach coordinates: 40, —55, —10 (Kanwisher
et al,, 1997). Activation parameter estimates and f-values were
sampled from this ROI in a group-level random-effects analysis.
Second, to further investigate the results we obtained from
the category experiments, namely to clarify the properties of
activation in our FFA-like face-responding cluster in face versus
other visual categories, we created a 6 mm sphere ROI around
the peak of maximal overlap in the right fusiform gyrus in the
probabilistic map obtained from the contrast Faces > Baseline,
computed from the block design experiment on face-related
modulations. This peak represented 100% overlap for face
soundscapes, meaning that all participants showed activation for
faces in this location (see Supplementary Figure 4B). Within
this cluster, we extracted the average beta value per condition
(faces, words, hand gestures). We first calculated the individual
average activation for each of the three categories and then
averaged them across the group, over both block and event-
related experiments containing the three visual categories.

ANCOVA model

To explore the relationship between neural response and
behavioral performance, we performed a whole-brain ANCOVA
model. An average beta-value map for each participant resulting
from the contrast upright faces > baseline across all face
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blocks was created. Beta values were then correlated with the
corresponding individual behavioral identification performance
for upright faces (average of percent correct across blocks).
Due to technical issues resulting in loss of behavioral data
from one participant, leading to a low number of participants
in the analysis, results are reported uncorrected for multiple
comparisons with p < 0.05.

Visualization of the results

For representational purposes, cortical reconstruction
included the segmentation of the white matter using a grow-
region function embedded in the Brain Voyager QX 2.0.8
software package. The cortical surface was then inflated. Group
results were superimposed on a 3D cortical reconstruction of a
Talairach normalized brain (Talairach and Tournoux, 1988).

Results

Face preferences in fusiform gyrus and
its modulation by face properties

First, we analyzed the results of the block-design
experiment containing blocks of trained cartoon faces,
scrambled faces, untrained inverted faces, and entirely new
faces (Supplementary Figure 1). fMRI results revealed face-
shape preference in the fusiform gyrus (FG) largely resembling
typical face processing as documented in the sighted. First, as
shown in Figure 1B, we investigated the cross-subject overlap
probability map created from the individual activation maps
for the contrast Trained faces > Scrambled faces. This analysis
aimed at assessing the anatomical consistency of activations
across participants, and revealed bilateral FG activations across
all individual subjects (Figure 1B), with activation peaks located
lateral to the mid fusiform sulcus (Figure 1C). In addition,
this analysis also revealed across-participants anatomically
consistent bilateral clusters of activation in a region within
the middle occipital gyrus, including the location of OFA as
identified in the sighted, i.e., a core region of the face network,
and a cluster of activation in the left IFG, another region
implicated in face processing (Figure 1B). We also tested the
same contrast again, this time using whole-brain RFX-GLM
analysis. This result showed compatible results, namely, bilateral
recruitment of FG and of the middle occipital sulcus, again
including the location of OFA. Finally, to assess the dependency
of our observed activations with the behavioral performance
inside the scanner during the face identification task, we applied
an ANCOVA model. Specifically, we conducted a whole-brain
analysis correlating individual neural activation for upright-
face blocks, with the individual success rate in upright-faces
identification (see section “Materials and methods”). This
analysis revealed a trend of stronger correlation between neural
activation and behavioral performance in the fusiform gyrus
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only, in close proximity to the FG recruitment for the contrast
of upright faces > scrambled faces (Supplementary Figure 4C).

Second, to explore the anatomical relationship between
face-responsive activation in the blind and the face-responsive
activation reported in the sighted, we conducted an ROI-
GLM analysis using the canonical coordinates of the right FFA
(see section “Materials and methods”; Talairach coordinates of
ROI peak: 40, —55, —10). Results for the contrast Trained
Faces > Scrambled Faces showed a significant recruitment for
face soundscapes in our group of congenitally blind participants,
within this defined ROI (Figure 1D).

Third, we investigated the extent to which FFA-like
activations are modulated by untrained changes in orientation
(upright/inverted faces) or by face novelty (trained/entirely new
faces) as in the sighted. Whole-brain analyses for the direct
contrasts between these conditions did not yield fusiform gyrus
activations. However, when using a more permissive threshold,
we observed recruitment of the right FG for trained faces versus
novel faces (Supplementary Figure 3E), while the contrast
of upright trained faces over inverted faces did not show
any significant activation in the fusiform gyrus. Interestingly,
this latter contrast yielded a bilateral activation of the sub-
insular cortex, a region that has been suggested to be involved
in the processing of configural aspects of face perception in
the sighted brain (see Supplementary Figures 3C,D,F, for
the results of inverted and novel faces vs scrambled faces).
Importantly, however, when we performed a whole-brain rank-
order parametric analysis on these data, we observed a bilateral
cluster peaking in the FG which was maximally activated
by trained faces, followed by inverted and untrained faces,
and then by scrambled faces - in other words, a modulation
resembling face-preference properties reported in the sighted
brain (Figure 2A). These results were replicated when we
performed the same analysis using weights derived from the
literature (Supplementary Figure 4A).

Faces versus other categories

Next, we tested whether our reported FFA-like preference
for face shapes was maintained when faces were contrasted with
other object categories: words and hand gestures, also conveyed
via SSD and trained in parallel to faces. As seen in Figure 2B,
the whole-brain RFX-GLM analysis comparing activations for
SSD-trained faces to activations for SSD-trained written words
showed a cluster of significant preference for faces, with a whole-
brain peak in the right FG. A second peak of activation was
in an anatomical location near the location of the right OFA.
Importantly, these results exclude the possibility that the FFA-
like activations resulted mainly from acquired experience in
perceiving shapes belonging to a novel set of stimuli.

In addition, the direct contrast of SSD-conveyed faces and
hand gestures showed no face preference in FG. However, beta
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A Whole-Brain parametric
modulation of faces
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FIGURE 2

single-subject overlap, probability map
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(A) Whole-brain parametric general linear model (GLM) shows that bilateral clusters in fusiform gyrus (FG) are maximally activated by trained
faces, then by face orientation and face novelty, and last by scrambled faces. A similar modulation was observed also for occipital face area
(OFA) and inferior frontal gyrus (IFG), two other cortical regions known to be involved in face processing. (B) Whole-brain RFX-GLM with the
contrast Faces > Words shows recruitment of the right FG (Talairach coordinates of peak 31, —57, —16), together with a cluster in the right
middle occipital gyrus, including OFA, another cortical region known to prefer face-related information. (C) Human voices > natural sounds.
Left: RFX-GLM analysis shows the expected recruitment of the left superior temporal gyrus (Talairach coordinates: =60, —19, 10), compatible
with the known location of the TVA but crucially, no recruitment of FG. Right: The probability map obtained from the overlap of single
participants’ activations for the same contrast, reveals consistent activations in the bilateral TVA but crucially, no activation in the ventral visual

stream nor in FG.

values for the three conditions (faces, words, hand gestures)
obtained from an independent FFA-like cluster (see section
“Materials and methods”), revealed a trend of activation: the
FFA-compatible region was maximally activated by faces, then
by hand gestures, and last by words (Supplementary Figure 4B).
These results suggest that similarly to what has been reported for
the sighted, the lateral posterior fusiform gyrus of congenitally
blind adults responds to animate objects.

Finally, to characterize the response of our blind participants
to human voices, we employed the seminal human-voice
localizer protocol used to unravel voice specializations in the
healthy population (see section “Materials and methods”). As
seen in Figure 2C, mirroring what is typically documented in
the sighted, whole-brain RFX-GLM analysis showed activations
in the TVA for the contrast Voices > Natural sounds (see
also Supplementary Figure 3B). Crucially, no voice preference
emerged in FG or in any other location compatible with a known
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face-responsive region in the sighted. The cross-subject overlap
probability map created from all the individual participants’
activations for the same contrast (Figure 2C) confirmed there
were no anatomically consistent activations in the ventral stream
of our congenitally blind participants for human voices. These
results indicate that the activation in the visual cortex elicited by
whole-face soundscapes is not due to high-level interpretation
of person-specific information or human-generated sounds.

Discussion

This study explored the properties of face-shape preference
in the ventral visual stream of the congenitally blind, following
tailored face training via the atypical auditory modality.
Specifically, a group of SSD-expert congenitally blind adults
learned to perceive cartooned faces in a ~12 h unique training
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program aimed at conveying faces auditorily via soundscapes,
in a shape, spatial layout, and color-preserving manner, using a
visual-to-auditory SSD (Arbel et al,, 2022). Following training,
the ventral visual stream in the blind brain showed preference
for faces versus scrambled sounds in the fusiform gyrus as well
as a parametrically modulated preference for trained SSD-faces
over inverted, novel, and scrambled faces, also peaking in the
fusiform gyrus. The same preference also emerged when faces
were contrasted with stimuli belonging to another category of
newly learned SSD-stimuli (reading words composed of letters
from an entirely new alphabet), even though both categories
were trained for a comparable time (Figure 2B). In contrast
to the visual cortex, no modulation of the auditory cortex was
observed in any of the analyses suggesting that participants
attended all stimuli similarly. Importantly, activations in all
the aforementioned analyses, also included a cluster within the
middle occipital gyrus, including the location of the sighted
OFA, namely, another region of the core face network. This
suggests that acquired experience in recognizing exemplars of
stimuli belonging to a novel category of objects cannot entirely
explain the pattern of reported FG activation.

In addition, in contrast to the preference of faces over
words, the ventral visual stream in the blind brain showed
no preference for faces over hand gestures. Hand gestures
represent another animate category of objects for which, like
faces, blind people have little perceptual experience through
their remaining sensory modalities (although they can access
them to some extent via proprioceptive cues). While the direct
contrast between trained faces and hand gestures did not
yield any preference within the ventral visual stream, ROI
analyses showed a trend for a preference in the blind right
ventral stream for faces, as faces activated it the most, followed
by hand gestures and words (Supplementary Figure 3G),
similarly to the haptic domain (Murty et al., 2020). These
results fit well with accumulating evidence on the sighted brain
suggesting that bodies and faces share brain representations
in the fusiform gyrus, thus allowing the building of a unified
whole-person representation, leading to the perception of
naturalistic stimuli (Kaiser et al.,, 2014; Fisher and Freiwald,
2015). Our results indicate the same process might be preserved
and at work in the blind brain, thereby suggesting that such
integrated body-faces representations are sensory-independent.
Moreover, our results highlight that their emergence is not
constrained to the exposure to visual inputs early in life or
across the lifespan. Future studies may further investigate this
intriguing conclusion. For instance, they might investigate
through MVPA whether body-responsive and face-responsive
voxels within this region are dissociable in congenitally
blind adults, as has been demonstrated in the sighted (Kim
et al., 2014). Our results strengthen the initial conclusions
already suggesting that animate and not only inanimate object
representations are retained in the blind ventral “visual” stream
(Bi et al, 2016; Murty et al, 2020), with properties largely
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resembling typical specializations observed in the sighted
brain.

Finally, we found no recruitment in the fusiform gyrus or
in any other location compatible with a known face-responsive
region in the sighted brain, to human voices, the main person-
identification method used by blind adults in everyday life
(Figure 2C). These results excludes the possibility that the
observed FG activations were driven by general person-specific
associations rather than by the processing of whole-face SSD-
conveyed shapes and are in line with previous results (Holig
et al., 2014; Dormal et al., 2018).

Taken together, these results strengthen the emerging
notion that brain specializations are driven by predispositions
to process sensory-independent computations rather than
unisensory-specific inputs, as classically conceived (James et al.,
2002; Amedi et al.,, 2007, 2017; Ricciardi et al., 2007; Kupers
et al,, 2010; Collignon et al., 2011; Reich et al., 2011; Wolbers
et al., 2011; Ptito et al., 2012; Striem-Amit et al., 2012; Striem-
Amit and Amedi, 2014). It has recently been proposed that this
computation-selective and sensory-independent organization
originates from two non-mutual exclusive principles: (1) local
tuning to sensory-independent task/computation distinctive
features (e.g., a predisposition of FFA to process sensory-
independent face-distinctive shapes); (2) preserved network
connectivity (e.g., preserved connection between FFA and the
rest of the face-network) (Hannagan et al., 2015; Heimler et al,,
2015; Amedi et al., 2017).

Furthermore, the results argue against some aspects of the
classic assumptions that stem from the seminal studies by
Hubel and Wiesel (Hubel and Wiesel, 1962; Wiesel and Hubel,
1963, 1965) positing that the key driver of the emergence
of typical brain specializations is the exposure to unisensory-
specific inputs during early infancy, i.e., during specific time
windows termed “critical/sensitive-periods” when the brain
is particularly plastic (Knudsen, 2004). Indeed, our findings
suggest that the potential to process specific computations
in specific cortical regions may not vanish with the closure
of critical periods but might be re-awakened at any time
across the lifespan, if computation-tailored training is provided
(Heimler and Amedi, 2020). Specifically, the current results
are compatible with the conclusion that our tailored SSD
training may have guided/facilitated the recruitment of typical
face regions in the deprived visual brain via auditory inputs
by relying on the two non-mutually exclusive — and possibly
hard-wired - principles proposed above as underlying the
emergence of computation-selective and sensory-independent
cortical organization. In the case of face processing, the existence
of hard-wired face-selective regions is supported by studies of
infants showing face preference and discrimination abilities at
birth (Turati et al., 2006), together with hard-wired connectivity
within the face-related network (Buiatti et al., 2019; Kamps et al.,
2020), possibly even suggesting a genetic component of face-
related processing, as highlighted by studies with homozygote
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twins (Polk et al., 2007; Wilmer et al.,, 2010). The connectivity
properties of the whole face network still need to be explored in
congenitally blind adults, as do the connections after dedicated
face training (for evidence of preserved network-connectivity
for other SSD-trained visual categories, see Abboud et al., 2014;
Striem-Amit and Amedi, 2014. Another open issue concerns
the pathway through which auditory information reaches
the deprived visual cortex. Future studies should disentangle
whether this is mediated by top-down connections from higher-
order regions or via direct audio-visual connections (Collignon
et al.,, 2013; Sigalov et al., 2016), or by bottom-up projections
from sub-cortical regions (Miiller et al., 2019).

Importantly, these results also carry implications for sensory
recovery. While some studies on visually restored patients have
reported lack of face selectivity even years after sight recovery
(Fine et al., 2003; Roder et al., 2013; Grady et al., 2014), none
has provided patients with a tailored, computation-oriented
training aimed at teaching face-shape recognition.

Evidence in favor of the beneficial role of (multisensory)
computation-specific training in sensory recovery is starting
to emerge (i.e., pairing the restored sense, e.g., vision,
with a familiar one, and audition). This evidence, mostly
coming from animals, documents more efficient computation-
selective neural recruitment in sensory restored individuals who
have undergone multisensory computation-oriented training
(DeGutis et al. (2007) and Isaiah et al. (2014); for comparable
results for partial deprivation, see Jiang et al, 2015). This
approach might be a promising rehabilitative venue to further
tune face classification abilities developed via natural experience
in visually restored patients (Gandhi et al,, 2017). We suggest
that such multisensory training approach might maximize the
restoration outcomes, as the familiar sense (e.g., audition) might
guide the restored sense (e.g., vision) to recruit its typical
sensory cortex by promoting a network adaptability process
(Heimler et al., 2015; Heimler and Amedi, 2020; Maimon et al.,
2022). Future studies may more systematically investigate this
intriguing hypothesis and track the extent to which such types
of training might indeed aid the (re) establishment of typical
cortical recruitment by the restored visual input, in line with the
predictions of the computational-selective cortical organization.

While some face preference activations observed in our
congenitally blind participants were largely similar to typical
results in the sighted population, there were also some
differences. First, preference in the fusiform gyrus was bilateral
rather than right-lateralized as classically reported (Kanwisher
et al,, 1997; Figure 1). A possible explanation of this difference
is our congenitally blind participants” lack of experience in the
processing of whole faces via audition (~12 h SSD training), i.e.,
we cannot exclude that with additional experience the activation
will become right lateralized. Another possibility is that these
bilateral FG activations might relate to the reduced left-
lateralization for language repeatedly documented in the blind
population (Lane et al., 2015, 2017; Pant et al., 2020). Indeed,
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previous studies showed reduced face-related lateralization in
other populations with reduced language-lateralization, such as
ambidextrous or left-handed individuals (Badzakova-Trajkov
et al., 2010; Willems et al., 2010; Bukowski et al., 2013; Dundas
et al,, 2015; Gerrits et al,, 2019). Specifically, several accounts
currently propose that face and language processing compete for
the same representational space in the human brain, and faces
become right lateralized as a consequence of left regions being
recruited by reading due to proximity to the rest of the language
areas (Dundas et al., 2015).

Finally, our results showed preserved face preference in
the blind brain not only in the fusiform gyrus, but also in
other regions known to belong to the face network. Specifically,
we showed consistent activations in all our main contrasts
in the middle occipital gyrus, including a region compatible
with OFA (Figures 1B, 2A,B), which is a core region of the
face network and it is described as involved in the perceptual
processing of facial features (Kanwisher et al., 1997; Gauthier
et al., 2000b; Rossion et al., 2003; Pitcher et al., 2011). Further
investigations into the roles of the FFA and OFA in people
who are congenitally blind are still required to assess more
systematically the similarities as well as the potential differences
between blind and sighted brains regarding specific properties
of both nodes. For instance, the role of both regions in the
identification of complete face-images (i.e., holistic processing)
vs. facial features (i.e., parts-based processing), as evidenced
by the increased sensitivity documented in the sighted brain
for the scrambling of faces in the FFA compared with OFA
(Lerner et al., 2001). Future studies should also explore aspects
directly related to cognitive processes mediating auditory face
identification via sweep-line algorithms such as the present
SSD, namely whether these processes involve object-based
mechanisms or rather approaches more specific to visual faces
perception such as holistic face processing and the extent
to which specific characteristics of SSD-mediated processing
influence recruitment of face-related regions within the face-
network.

In contrast to observed recruitment of the OFA, we did
not observe any activation in the STS another core face region,
which is known to process the changeable aspects of faces,
such as expressions (Phillips et al., 1997), direction of eye-
gaze, and lip movements (Puce et al, 1998; Allison et al,
2000; Haxby et al., 2000; Lahnakoski et al., 2012; Zhen et al,,
2015). Notably, however, these computations were not part
of our training program nor where taken into consideration
in the behavioral tasks performed by our participants in the
scanner. Future studies addressing these specific aspects of face
perception may provide crucial insight into possible constraints
of visual experience on the development of face-specific cortical
regions and on the face network as a whole.

While the present work investigated auditory face
perception in congenitally blind for the first time, the
novelty of the chosen stimuli imposes some limitations on
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the experimental design. First, due to the presentation of novel
images during the experiment, participants could not perform
the exact same identification task for all presented stimuli.
Second, while we investigated neural responses following
extensive face training, we are unable to attest to the role
of the fusiform gyrus and the rest of the face-identification
network in congenitally blind, prior to any face training. Future
investigations could further explore the effect of training on
the engagement of the face-processing network, the potential
role of “face imagination” or the abstract representation
congenitally blind have of faces prior to face training, as well
as further balance task and task-free designs to further define
the properties of the neural face network in the congenital
absence of vision.

Taken together, our results show that the ventral visual
stream of congenitally blind adults can be recruited by face
processing via non-traditional, non-visual, sensory information
acquired during adulthood, and retain some of its properties
despite life-long visual deprivation. Our results provide evidence
supporting the presence of a predisposition for sensory-
independent and computation-specific processing in the human
brain. We show that this predisposition is retained even in
life-long sensory deprivation when a given category of stimuli,
face-shapes in the current case, has been largely inaccessible
across the lifespan through the available sensory inputs. Our
results thus have implications for visual recovery by suggesting
that such predispositions can be (re) awakened in adulthood if
tailored computation-oriented training is provided.
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Impact of early brain lesions on
the optic radiations in children
with cerebral palsy
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Kathleen M. Frielé, Andrew M. Gordon’ and
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2Exercise and Rehabilitation Science Institute, School of Physical Therapy, Faculty of Rehabilitation
Science, Universidad Andrés Bello, Santiago, Chile, *Physical and Rehabilitation Medicine,
Brugmann University Hospital, Brussels, Belgium, “Faculty of Medicine and Pharmacy, Vrije
Universiteit Brussel, Brussels, Belgium, *Faculty of Physical Education and Physiotherapy, Vrije
Universiteit Brussel, Brussels, Belgium, *Burke-Cornell Medical Research Institute, White Plains, NY,
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Due to their early brain lesion, children with unilateral spastic cerebral palsy
(USCP) present important changes in brain gray and white matter, often
manifested by perturbed sensorimotor functions. We predicted that type and
side of the lesion could influence the microstructure of white matter tracts.
Using diffusion tensor imaging in 40 children with USCP, we investigated optic
radiation (OR) characteristics: fractional anisotropy (FA), mean diffusivity (MD),
axial diffusivity (AD) and radial diffusivity (RD). First, we compared the OR of
the lesional and non-lesional hemisphere. Then we evaluated the impact of
the brain lesion type (periventricular or cortico-subcortical) and side in the
differences observed in the lesional and non-lesional OR. Additionally, we
examined the relationship between OR characteristics and performance of
a visuospatial attention task. We observed alterations in the OR of children
with USCP on the lesional hemisphere compared with the non-lesional
hemisphere in the FA, MD and RD. These differences were influenced by the
type of lesion and by the side of the lesion. A correlation was also observed
between FA, MD and RD and the visuospatial assessment mainly in children
with periventricular and right lesions. Our results indicate an important role of
the timing and side of the lesion in the resulting features of these children’s
OR and probably in the compensation resulting from neuroplastic changes.

KEYWORDS

diffusion tensor imaging, early brain lesion type, hemiparesis, lesion side, white
matter

Abbreviations: USCP, unilateral spastic cerebral palsy; OR, optic radiation; FA, fractional anisotropy;
MD, mean diffusivity; CP, Cerebral palsy; ROI, regions of interest; OR-LH, optic radiation scores on
the lesional hemisphere; OR-NLH, optic radiation scores on the non-lesional hemisphere.
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Introduction

Cerebral palsy (CP) is a group of movement and posture
disorders resulting from early brain injury. With an incidence
of 4-10 per 1,000 children (Graham et al., 2016), CP is the
most common cause of pediatric motor deficits, and is often
accompanied by disabilities in cognitive and sensory functions
(Krageloh-Mann and Cans, 2009; Weierink et al., 2013).
These persistent deficits are attributable to brain structural
abnormalities arising at different stages of brain development,
with consequences for neuronal proliferation, migration, and
differentiation, as well as neuronal growth and myelination
(de Graaf-Peters and Hadders-Algra, 2006; Stiles and Jernigan,
2010). Therefore, the timing of the brain lesion influences
the nature of subsequent perturbations in brain development
(Chugani et al., 1996; Brizzolara et al., 2002). The two most
common types of structural defect in children with unilateral
spastic cerebral palsy (USCP) are periventricular lesions and
cortical/subcortical lesions. Periventricular lesions arise early
in the 3rd trimester of gestation and are associated mainly
with white matter damage, whereas cortical/subcortical lesions,
typically arise at the end of the 3rd trimester (Volpe, 1997;
Cowan et al,, 2003; Krageloh-Mann and Horber, 2007) and
are associated mainly with gray matter damage (Bax et al,
2006; Krageloh-Mann and Horber, 2007; Reid et al., 2015).
Periventricular lesions of the white matter mainly affect
sensorimotor functions (Staudt et al., 2000, 2003; Pavlova and
Krageloh-Mann, 2013). The cortical/subcortical lesions, on the
other hand, also affect sensory and motor structures such as
the basal ganglia and the primary motor cortex; the extent
of a subcortical lesion is closely related to the severity of
sensorimotor impairments (Martinez-Biarge et al.,, 2010). Less
commonly, USCP may also arise from brain malformations
occurring in the 2nd trimester of gestation (Volpe, 1997; Cowan
et al., 2003; Krageloh-Mann and Horber, 2007).

Given that some functions such as language, visuospatial
attention and (fine) hand motor control (Springer et al,
1999; Gotts et al.,, 2013) are lateralized, the side of the lesion
may have some bearing on functional (re)organization of the
developing brain. These lateralized functions accommodate
differently depending on whether damage is congenital or
acquired in the adult. For instance, a left brain lesion
involving Broca’s or Wernicke’s areas will frequently induce
permanent language impairments in adult stroke patients
(Willmes and Poeck, 1993; Perani et al, 2003), whereas
lesions in comparable regions of children with CP may
result only in delayed language acquisition (Krageloh-Mann
et al, 2017). Conversely, visuospatial abilities are usually
lateralized to the non-dominant right hemisphere (Corballis,
2003). Adult stroke patients with right hemisphere lesions
may show unilateral spatial neglect (Karnath et al, 2004),
with absence of perception of the contralateral hemispace
(Laplane and Degos, 1983). Interestingly, unilateral spatial
neglect, notably in visual cancelation tasks (Laurent-Vannier
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et al., 2003; Trauner, 2003), is evident in children with early
brain injury to either hemisphere (Thareja et al, 2012). This
suggests spatial attention functions have greater plasticity in
the damaged developing brain than in adults. Spatial neglect
has been associated both with lesions in parietal cortex
(Corbetta and Shulman, 2011) and in white mater tracts,
including the optic radiations (OR) (Chechlacz et al., 2010).
Although reorganization of motor pathways is well-documented
in children with USCP (Cioni et al,, 2011), less is known
about corresponding reorganization of visuospatial functions.
Guzzetta (2010) proposed a model wherein a primary visual
cortex lesion would provoke reorganization of visual function
in occipital areas extending beyond the primary visual cortex.
On the other hand, subcortical lesions affecting the retro-
geniculate pathway might entail remodeling of the OR to attain
the preferred target in primary visual cortex. While intriguing,
there has been little direct empirical evidence supporting
this twofold model.

In the present study, we therefore aimed to (1) describe
the reorganization of the OR in children with USCP, (2)
investigate the effects of the type and side of the lesion
on white matter changes in the OR of children with
USCP due to an early brain lesion, and (3) assess the
relationship between changes in the OR and performance
of visuospatial attention tasks. We hypothesized that white
matter characteristics of the OR would differ according
to the side and type of lesion, and that OR findings
would correlate with the extent of visuospatial neglect in
children with USCP.

Materials and methods
Participants

Forty children with diagnosis of USCP participated in
this study, of whom 26 were recruited at the Université
Catholique de Louvain in Belgium, and 14 at Teachers College
of Columbia University in New York City (19 girls; mean
age: 9.1 £ 2.8 years; 22 right hemiparesis) from among
children who participated or were interested in participating
in intensive rehabilitation day camps (Bleyenheuft et al,
2020). Teachers College participants were recruited from local
clinics, the laboratory website,! and online parents’ forums.
In Belgium, children were recruited from university hospital
centers dedicated to treatment of children with CP. The
parents/legal tutors of potential participants were contacted
by e-mail or telephone. All parents/legal tutor and children
provided their written, informed consent to participate in the
study, which had been approved by the respective Institutional
Review Boards.

1  www.tc.edu/centers/cit/
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Participants (see Table 1) were classified following the
Manual Ability Classification System (Eliasson et al., 2006) as
levels I (n = 8), I (n = 30) or III (n = 2). Children were also
evaluated by a pediatric neurologist and a neuroradiologist using
the criteria of Krageloh-Mann and Horber (2007), to classify
the origin of their brain lesion (cortical malformation, n = 6;
periventricular lesion, n = 18; cortical/subcortical lesion, n = 16).

The inclusion criteria were (1) children diagnosed with
unilateral CP, (2) aged 6-16 years, (3) ability to grasp
light objects and lift the more affected arm 15 cm above
a table surface, (4) school level equal to that of typically
developing peers, (5) ability to follow instructions and complete
testing. Exclusion criteria were (1) uncontrollable seizures,
(2) botulinum toxin injections in the previous 6 months or
planned for the following 6 months, (3) orthopedic surgery
in the previous 12 months or planned within the study
period, (4) uncorrectable visual problems likely to interfere with
treatment/testing.

3D-magnetic resonance imaging and
diffusion tensor imaging

In a single scanning session, children underwent an MRI
scan at 3T with a 32-channel phased array head coil to record
3D heavily T1-weighted structural and diffusion tensor imaging
(DTI) images. In Brussels, 26 children were scanned using a
Philips Achieva magnet (Philips Healthcare, Eindhoven, The
Netherlands). Nine children were scanned using a Philips
Achieva at Columbia Medical School and five using a Siemens
Prisma 3T scanner (Siemens, Erlangen, Germany) at Cornell-
Weil Hospital in New York.

The anatomical 3D sequence obtained on the Philips
magnet consisted of a gradient echo sequence with an inversion
prepulse (Turbo Field Echo, TFE) acquired in the sagittal
plane employing the following parameters: repetition time
(TR) = 9.1 ms, echo time (TE) = 4.6 ms, flip angle = 8°, 150
slices, slice thickness = 1 mm, in-plane resolution = 0.81 x 0.95

I’l’ln’l2

(acquisition) reconstructed in 0.75 x 0.75 mm?, field of
view (FOV) = 220 x 197 mm?, acquisition matrix = 296 x 247
(reconstruction 3202), SENSE factor = 1.5 (parallel imaging),
with a total scan time of 8 min and 26 s. The anatomical
3D sequence obtained on the Siemens magnet consisted of
a magnetization-prepared rapid gradient-echo (MP-RAGE)
sequence acquired in the axial plane employing the following
parameters: TR = 2170 ms, TE = 4.33 ms, flip angle = 7°, 176
slices, slice thickness = 1 mm, in-plane resolution = 1 x 1
mm? (acquisition and reconstruction), FOV = 256 x 256 mm?,
acquisition matrix = 256 x 256, GRAPPA factor = 2 (parallel
imaging), in a 4 min 27 s of total scan time.

DTI images on the Achieva scanner were obtained using
the following sequence: spin-echo planar imaging, TE = 83 ms,
TR = 6,422 ms, Bandwidth = 2,790 hz/pixel, 70 slices, slice
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thickness = 2 mm, in-plane resolution = 2 x 2 mm?, matrix

size = 112 x 112, FOV = 224 x 224 mm?, 55 directions,
b = 800 s/mm?, in a total scan time of 8 min. DTI images
on the Prisma scanner were acquired employing the following
sequence: spin-echo planar imaging, TE = 83 ms, TR = 9,000 ms,
Bandwidth = 1,860 hz/pixel, 75 slices, slice thickness = 2 mm,
in-plane resolution = 2 x 2 mm?2, matrix size = 112 x 112,
FOV = 224 x 224 mm?, 64 directions, b = 1,000 s/mm?, in a
total scan time of 10 min and 14 s.

The DTI data were pre-processed using BrainVoyager
(Version 20.6, Brain Innovation, Maastricht, The Netherlands).
The diffusion data were first corrected for eddy current-
induced distortions and motion-induced artifacts. To create
the fractional anisotropy (FA) map and to calculate the radial
(RD), axial (AD), and mean diffusivity (MD), the DTI data
were co-registered with the 3D anatomy of the subject without
normalization (native space).

To determine individual measures of the DTI metrics (FA,
MD, AD, and RD) of the OR within the lesional and non-
lesional hemispheres, axial planes were first imposed based on
anatomical landmarks (see Figure 1). For each hemisphere, we
used two regions of interest (ROIs) to trace the OR: an initial
ROI was defined at the level of the lateral geniculate nucleus and
a second in the visual primary cortex near the calcarine sulcus.
These regions were identified on the echo planar images with
no diffusion weighting and were verified later, in all planes, by
an investigator uninvolved in the tracking. Fibers passing over
the lateral geniculate nucleus were excluded from the analysis.
A deterministic tracking was finally performed to reconstruct
and track the OR. Only those fibers with FA > 0.20 and a
deviation angle < 50° were included in the tracking. The MRI
acquisition was performed by examiners unaware of the study
purpose.

Visuospatial assessment

We used a star cancelation test to assess impairments in
visuospatial attention specifically related to unilateral spatial
neglect. In this test, the child is asked to cancel all small stars in a
sheet of paper marked with stars of two different sizes. This test
separately records the total number of omissions as well as the
omissions on the more affected and the less affected hemispaces
(Wilson et al., 1987).

Data analysis

Diffusion tensor imaging analyses

First, a t-test (or Mann-Whitney rank sum test when the
normality was not respected) was performed to identify possible
differences between the OR scores of the lesional hemisphere
(OR-LH) and the non-lesional hemisphere (OR-NLH) for FA,
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TABLE 1 Group's characteristics.

10.3389/fnins.2022.924938

Lesion type Gender Age MACS Lesion side
Cortical/subcortical lesion (1 = 16) Girls = 9 Boys =7 8y6m I=51I=11 Right = 6 Left = 10
Periventricular lesion (n = 15) Girls = 6 Boys =9 9y6m [=31I=12 Right = 8 Left =7
Lesion side Gender Age MACS Lesion type
Right hemisphere (n = 16) Girls = 9 Boys = 7 8y6m [=511=11 C/Sc=6PVL =10
Left hemisphere (n = 19) Girls = 9 Boys = 7 8y6m I=51I=11 C/Sc=6PVL =10

FIGURE 1

Illustration of the regions of interest drawn to execute the tracking of the fibers

MD, AD, and RD. Next, we used a two-way ANOVA to
identify the influence of type of lesion (periventricular/cortical-
subcortical) on the differences between the OR-LH and the
OR-NLH scores for FA, MD, AD, and RD. We performed
Student-Newman-Keuls post hoc tests, after adjustment of the
alpha level for multiple comparisons. Finally, we performed
a two-way ANOVA with a Student-Newman-Keuls post hoc
(a0 = 0.05) to identify the influence of side of lesion (right/left)
in the differences between the OR-LH and the OR-NLH scores
for FA, MD, AD, and RD.

Visuospatial assessment analyses

We used a Mann-Whitney rank sum test to evaluate
impairment in visuospatial attention in relation to
unilateral spatial neglect. Here, we separately compared

each result of the star cancelation test (total number
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of omissions,

more

affected hemispace omission and
with type
(periventricular or cortical/subcortical lesion) and lesion
side (right/left).

less affected hemispace omission) lesion

Correlation analyses

A Spearman’s correlation was performed to investigate the
relationships between the visuospatial test results and DTI
measures (FA, MD AD, and RD) in the OR-LH and in the
OR-NLH as functions of the lesion type and side.

Results

After the data acquisition, five children were excluded from
the analyses because of inadequate quality of neuroimaging data
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FIGURE 2

Imaging results in 10 children with unilateral spastic cerebral palsy, displaying their individual optic radiation bypasses. The upper row shows
examples of children with cortico-subcortical lesions and the lower row depicts children with periventricular lesions. Z-values represent the
coordinates in Talairach space. OR-LH, optic radiation of the lesional hemisphere; OR-NLH, optic radiations of the non-lesional hemisphere;

L-R, left-right.

produced mainly by head movement. Therefore, the final sample
for the analyses was of 35 children.

Description of optic radiations
organization

For every participant, we could identify the OR between
the lateral geniculate nucleus and the visual cortex, regardless
of the type and side of lesion. We distinguished two types
of lesion “bypasses” to the visual cortex; in children with
a cortico-subcortical lesion, the OR-LH passed through the
lesion, while in children with a periventricular lesion, the OR-
LH systematically followed the outer contour of the lesion
(Figure 2).

Interhemispheric differences in
diffusion tensor imaging measures

We observed significant differences in DTI parameters
of the OR-LH and OR-NLH. The FA values were lower in
OR-LH compared to OR-NLH (Mann-Whitney U = 261.00,
p < 0.001). Conversely, there were higher values in OR-LH
compared to OR-NLH for MD (Mann-Whitney U = 433.00,
p < 0.05) and RD (Mann-Whitney U = 424.00, p < 0.05). No
significant difference were observed for the AD (Mann-Whitney
U = 549.00, p = 0.459) (Figure 3).
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Influence of lesion type

The final sample implicated in the analyses of the influence
of the lesion was of 31 children; due to the small sample,
children presenting a brain malformation were excluded
from this analysis.

To identify the influence of the type of lesion on the
differences in the FA, MD, AD, and RD between the OR-LH
and the OR-NLH, we performed a 2 (optic radiations condition:
OR-LH vs. OR-NLH) x 2 (type of lesion: periventricular vs.
cortical/subcortical) ANOVA. These analyses revealed an optic
radiations condition effect on FA values [F(1, 58) = 18.30;
p < 0.001, n? = 0.102]. Lesion type had no such effect [F(1,
58) = 0.01; p = 0.993, nz = 0.131], but there was a significant
optic radiations condition X lesion type interaction effect [F(1,
58) = 4.63; p < 0.05, n2 = 0.174]. Figure 4 shows the results
of the post hoc analysis. In cases of cortico-subcortical lesions
(p < 0.001) mean FA values were lower in the OR-LH compared
to OR-NLH.

The same analyses for the diffusivity showed an effect on
the MD for the optic radiations condition [F(1, 58) = 5.17;
p < 0.05, 'r]2 = 0.152] with lower values for the OR-NLH, but
no significant difference for the lesion type [F(1, 58) = 1.77;
p =0.19, T]2 = 0.130] or interaction [F(1, 58) = 0.18; p = 0.671,
n2 = 0.103]. In addition, for the AD a trend was observed
for the optic radiations condition [F(1, 58) = 3.55; p = 0.65,
n? = 0.155], but a significant effect on the lesion type conditions
[F(1,58) =5.00; p < 0.05, n? = 0.229] with higher values for the
cortical/subcortical lesion and no interaction [F(1, 58) = 0.15;
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Differences in white matter integrity of the OR of the lesional and non-lesional hemispheres in children with USCP. (A) Mean fractional
anisotropy, (B) mean diffusivity (C) mean axial diffusivity and (D) mean radial diffusivity. OR-LH, optic radiation of the lesional hemisphere;
OR-NLH, optic radiations of the non-lesional hemisphere. Error bars represent standard errors of the mean. *p < 0.05.

p = 0.701, n? = 0.121]. Also, a significant effect was observed
for the RD for the optic radiations conditions [F(1, 58) = 4.92;
p < 0.05, n% = 0.178], but none for the lesion type conditions
[F(1,58) =0.74; p = 0.394, 1? = 0.113] and no interactions [F(1,
58) = 0.16; p = 0.688, n* = 0.116] (Figure 4).

Influence of lesion side

To test for effects of lesion side on group differences between
the OR-LH and the OR-NLH group means of the FA, MD, AD,
and RD, we performed a 2 (optic radiations condition: OR-
LH vs. OR-NLH) x 2 (side of lesion: right vs. left) ANOVA.
We found a significant effect on the FA of the OR condition
[F(1, 66) =24.98; p < 0.001, 1% = 0.275], lesion side conditions
[F(1, 66) = 7.64; p < 0.05, 12 = 0.204] and a significant
interaction effect between the OR condition and side of the
lesion [F(1, 66) = 4.37; p < 0.05, 12 = 0.192]. As depicted
in Figure 5, children with a right lesion had lower values in
OR-LH (p < 0.001) compared with children with a left lesion.
Additionally, we observed lower mean FA values in OR-LH
compared with the OR-NLH in children with a right (p < 0.001)
and a left (p < 0.05) lesion.

The same analyses for the diffusivity showed an effect on
the MD for the optic radiations condition [F(1, 66) = 4.62;
p < 0.05 1% = 0.265] with lower values for the OR-NLH

Frontiers in Neuroscience

62

and significant difference for the lesion side [F(1, 66) = 5.10;
p < 0.05, n2 = 0.272] with lower values for the left lesion, but
no interaction [F(1, 66) = 1.20; p = 0.278, n? = 0.119]. There
were no significant effects of OR condition [F(1, 66) = 2.07;
p = 0.155, 1% = 0.130], lesion side [F(1, 66) = 1.95; p =0.167,
n? = 0.127] or their interaction [F(1, 66) = 1.08; p = 0.302,
12 = 0.116] for AD results. In addition, for the RD a significant
effect was observed for the optic radiations condition [F(1,
66) = 5.04; p < 0.05, n2 = 0.271] with lower values for the
OR-NLH and a significant effect on the lesion type conditions
[F(1, 66) = 5.79; p < 0.05, n?> = 0.282] with lower values for
the left lesion and no interaction [F(1, 58) = 0.15; p = 0.701,
1% =0.115].

Visuospatial assessment

Children with USCP showed a mean of 2.91 + 3.64 total
omissions in the star cancelation test. These results are in
line with those described in the literature in children with
USCP (Ickx et al., 2018). Compared to aged-matched typically
developing peers, only few children presented abnormal values
(Ickx et al, 2017). Lesion side and type had no effect on the
total number of omitted small stars, neither in the more affected
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nor the less affected hemispace (all p > 0.235, Table 2; see

also Table 3).

Correlation between diffusion tensor
imaging measures and visuospatial
assessment

In children with a periventricular lesion, the FA of the

OR-LH correlated significantly with the total number of stars
omitted (r = -0.546; p = 0.034) and the FA of the OR-NLH
correlated significantly with the total number of stars omitted
(r=-0.638; p = 0.01).

In children with a right-side brain lesion, the MD of the
OR-NLH correlated significantly with the total number of stars
omitted (r = 0.536; p = 0.038) and the RD of the OR-NLH with
the total number of stars omitted (r = 0.561; p = 0.029). There
were no other significant correlations with test scores.

Discussion

The aim of this study was to assess the organization
and white matter characteristics of the OR in children with

Frontiers in Neuroscience

63

USCP, and test for an association with impairment in their
performance of a visuospatial test. We also tested the hypothesis
that type and side of the lesion would influence parameters of
white matter microstructure, i.e., FA, MD, AD, and RD. Our
results support this hypothesis, highlighting differences in the
white matter properties of the OR between the lesional and
the non-lesional hemisphere. These microstructural differences
were influenced by the type of lesion and the side of the
lesion, and may contribute to the visuospatial impairments often
observed in children with USCP.

We observed two different patterns of white matter
reorganization, apparently in response to the lesion. In one
scenario, OR fibers in the lesion hemisphere passed through
cortico-subcortical injuries, and in other cases, the OR followed
the contour periventricular lesions (Figure 6). This last finding
is in agreement with the proposal by Guzzetta (2010) that,
when the lesion affects the retro-geniculate pathway, the OR
circumvents the lesion contours to reach the primary visual
cortex (Guzzetta, 2010). Moreover, in our study the two bypass
routes also differed with respect to the microstructure of white
matter fibers, as indicated by FA values. We suggest that the
distinct modes of reorganization of the visual pathway may
bear relation to the timing and the location of the lesion
(Chugani et al., 1996; Feys et al., 2010). Indeed, an association
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between reorganization and lesional features is critical for the
development of motor, sensory as well as cognitive deficits
in children with USCP (Lidzba et al,, 2006; Guzzetta et al.,
2007; Staudt, 2010; Hadders-Algra, 2014). Thus, the importance
of lesion features for reorganization of the visual pathway is
a novel finding of this study, demonstrating the far-reaching
consequences of early brain lesions in children with CP.

In this study we observed a significant difference between
the OR-LH and OR-NLH, with the OR-LH showing lower values
in the FA and higher values in MD and RD, but no difference
in AD. These results indicate an impact of the brain lesion
on the structure of the OR. The FA difference could indicate
an impairment of the white matter microstructure, although
this measure is affected by many factors including myelination,
axon size, and density (Beaulieu, 2002; Mukherjee et al., 2002;
Ciccarelli et al., 2008). However, the results observed in the
FA were accompanied with higher values in the MD and RD
of OR-LH without significant differences in AD. The RD has
been associated with the myelin (Song et al., 2002, 2005) and
AD with axonal microstructure (Sun et al., 2008; Budde et al.,
2009). Therefore, our results suggest that the low FA associated
with higher values in the AD and MD observed in OR-
LH are potentially manifestations of impaired microstructure
associated with altered myelin development process.
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In this study, we observed lower FA values in OR-LH of
children with a cortico-subcortical lesions compared to those
with a periventricular lesion. The differences in FA between the
lesional and non-lesional hemispheres is in line with previous
studies showing an association between early brain lesions
and damage to OR, specifically in children with lesions in
the periventricular area (Leviton and Paneth, 1990; Rodriguez
et al., 1990; Cioni et al., 2000). Our results are also consistent
with findings of Chokron and Dutton (2016), indicating a
correlation between white matter lesions in OR and impaired
visual function in children with CP.

The difference in FA could relate to the specific cortical
phase of development at the time of brain damage, i.e., start of
3rd trimester for periventricular lesions and end of 3rd trimester
for cortical/subcortical lesions. Myelinization of the OR begins
around the middle of the 3rd trimester (de Graaf-Peters and
Hadders-Algra, 2006), such that a lesion occurring at around
the 35th week of gestation is apt to have a higher impact on
white matter in childhood. Similar differences between these
two broad types of lesion have been shown in relation to
motor function, since impairments of upper extremity function
(Feys et al,, 2010) and language skills (Coleman et al., 2013)
are more common in CP children with cortical/subcortical
compared to periventricular lesions. It is noteworthy that the
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TABLE 2 Star cancelation scores.

10.3389/fnins.2022.924938

All children Total omissions
(n=35) mean (SD)
2.91 (3.64)

Lesion side Total omissions

Median [25-75%]

More affected hemispace omissions
Median [25-75%]

Less affected hemispace omissions
Median [25-75%]

Right hemisphere (1 = 16) 2.00 [0.00-4.00] 1.00 [0.00-4.00] 0.00 [0.00-1.00]

Left hemisphere (1 = 19) 1.50 [0.00-5.00] 0.50 [0.00-2.00] 0.50 [0.00-2.00]

p-value 0.904 0.412 0235

Lesion type Total omissions More affected hemispace omissions Less affected hemispace omissions

Median [25-75%]

Cortical/subcortical lesion (n = 16) 2.50 [0.00-5.00]
Periventricular lesion (n = 15) 1.00 [0.00-5.00]
p-value 0.822

Median [25-75%]

Median [25-75%]

1.00 [0.00-4.00] 0.00 [0.00-2.50]
1.00 [0.00-2.00] 0.00 [0.00-3.00]
0.563 0.912

myelination of projections from the precentral and postcentral
gyrus, which are key substrates of sensorimotor functions,
also begins during the 35th gestational week (de Graaf-Peters
and Hadders-Algra, 2006). Damage occurring after the onset
of myelination thus likely results in larger deficits than do
earlier injuries. This phenomenon may represent a general
pattern whereby lesions occurring prior to onset of the
myelination process may have less impact on white matter and
on functional abilities, while lesions occurring after the start
of myelination are more deleterious. The difference observed

FIGURE 6

Graphical representation of the two bypass routes of the optic
radiations in the lesional hemisphere. (1) Optic radiations
contouring the edge of lesion to reach the primary visual cortex;
(2) Optic radiations passing through the lesion attain the visual
cortex. LGN, Lateral geniculate nucleus; V1, primary visual
cortex.
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between both lesion types could be related with the injury
consequences such as microglial activation, excitotoxicity and
free radical that produced, among other effects, damage of the
oligodendrocyte and/or its precursors that play a crucial role in
the myelination (Volpe et al., 2011). However, the consequences
of the different lesion types for oligodendrocyte development are
not completely understood (Silbereis et al., 2010).

Although we saw systematically larger deficits in the OR
of the lesional vs. the non-lesional hemisphere, deficits in the
OR of the lesional hemisphere were larger in children with
right hemispheric lesions. These results indicate an impact
of the lesion side on the characteristics of the OR fibers.
A larger impact of right hemispheric lesions on visuospatial
skills has been described in children with USCP (Kolk and
Talvik, 2000), suggesting that a lesion of the right hemisphere
could drive changes in the OR or other white matter structures
involved in visuospatial abilities (Tuch et al., 2005). However,
children with USCP with a left hemispheric lesion also show
deficits in visuospatial abilities (Thareja et al, 2012). This
could be explained by the “crowding hypothesis,” according
to which a lesion in the left hemisphere likely produces a
functional shift of the areas normally subserving language
from the left to the right hemisphere, which may compromise
visuospatial function of the right hemisphere (Lidzba et al.,
2006). Therefore, a lesion of either hemisphere could impact
the OR and thus affect visuospatial abilities, but by different
mechanisms. This sensitivity of visuospatial function to lesion
in either hemisphere is predictable from the requirement of
intra-hemispheric integration for a bilateral representation of
visual space (Corbetta and Shulman, 2011). In this scenario,
the lesional side could influence the FA or other aspects
of OR microstructure in children with USCP. We suggest
that, although lesions on either hemisphere may have an
impact on OR microstructure, the effects of right hemispheric
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TABLE 3 Amount of children presenting impaired visuospatial assessment.

10.3389/fnins.2022.924938

Lesion type Total omissions More affected hemispace omissions Less affected hemispace omissions
Cortical/subcortical lesion (n = 16) 3 3 2
Periventricular lesion (1 = 15) 4 4 1

Lesion side Total omissions

More affected hemispace omissions

Less affected hemispace omissions

Right hemisphere (n = 16) 3 2 0
Left hemisphere (n = 19) 4 4 3
lesions are greater due to the specialization of the right Conclusion

hemisphere for visuospatial function. However, despite the
different characteristics of the lesion are influenced by the stage
of brain maturation, the effects of the lesion may be influenced
by other characteristics of the lesion such as the location, size
and mechanisms involved (Graham et al., 2016).

At a behavioral level, different studies have shown a deficit
in children with cerebral palsy on visuospatial assessments
compared with reference values or control peers (Lidzba et al.,
2006; Ickx et al, 2017, 2018). In addition, in this study
we observed some correlation between FA, MD and RD
with the number of omissions in the star cancelation test,
suggesting a possible association between visuospatial attention
deficits, specifically related to visuospatial impairments, and the
damage of the white matter projections of the visual pathway.
Tuch et al. (2005) showed a correlation between reaction times
in a visual task and FA of the OR in healthy adult subjects,
demonstrating that the OR mediates aspects of visual attention
(Tuch et al,, 2005). This is congruent with other studies of
children with CP showing cortical visual impairments due
to damage to the retrochiasmatic part of the visual pathway
(Mercuri et al, 1996; Guzzetta et al,, 2001), particularly in
the OR (Ramenghi et al., 2010). However, the development of
visual functions, including visuospatial attention, requires the
integrity of a wide cortical and subcortical network, including
the OR and the primary visual cortex, but also involving
frontal and temporal regions, as well as the basal ganglia
(Ramenghi et al,, 2010). Therefore, while the present finding of
disturbances in the OR of children with USCP are likely relevant
to their visuospatial impairments, the OR is but one element
among many.

Finally, this study presents some limitations regarding
the information about the cerebral palsy cause and the
extension of the lesion that could contribute to better
understand the development of visuospatial functions. In
addition, the assessment used in this study could have been
complemented with a visual fields assessment, as well as,
we could have used more than one test to evaluate the
deficit in visuospatial attention. However, the knowledge about
the visuospatial function should contribute to open a new
perspective to understand the relevance of this function in
rehabilitation programs.
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We found differences in white matter characteristics of
the OR between the lesional and the non-lesional hemispheres
of children with USCP. These differences were apparently
influenced by the timing of the lesion and by the side of
the lesion, perhaps due to competition between language
and visuospatial function. The observed differences may
contribute to the different degrees of visuospatial impairments
observed in children with USCP. We suggest that the timing
of the lesion relative to myelination landmarks contributes
importantly to the outcome for these children, probably in
relation to compensation for injury to visual pathways through
neuroplastic changes.
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Aim: Examination of central compensatory mechanisms following peripheral
vocal nerve injury and recovery is essential to build knowledge about plasticity
of the neural network underlying phonation. The objective of this prospective
multiple-cases longitudinal study is to describe brain activity in response
to unilateral vocal fold paralysis (UVFP) management and to follow central
nervous system adaptation over time in three patients with different nervous
and vocal recovery profiles.

Materials and methods: Participants were enrolled within 3 months of the
onset of UVFP. Within 1 year of the injury, the first patient did not recover voice
or vocal fold mobility despite voice therapy, the second patient recovered
voice and mobility in absence of treatment and the third patient recovered
voice and vocal fold mobility following an injection augmentation with
hyaluronic acid in the paralyzed vocal fold. These different evolutions allowed
comparison of individual outcomes according to nervous and vocal recovery.
All three patients underwent functional magnetic resonance imaging (fMRI
task and resting-state) scans at three (patient 1) or four (patients 2 and 3) time
points. The fMRI task included three conditions: a condition of phonation
and audition of the sustained [a:] vowel for 3 s, an audition condition of
this vowel and a resting condition. Acoustic and aerodynamic measures
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as well as laryngostroboscopic images and laryngeal electromyographic
data were collected.

Results and conclusion: This study highlighted for the first time two key
findings. First, hyperactivation during the fMRI phonation task was observed
at the first time point following the onset of UVFP and this hyperactivation
was related to an increase in resting-state connectivity between previoulsy
described phonatory regions of interest. Second, for the patient who received
an augmentation injection in the paralyzed vocal fold, we subsequently
observed a bilateral activation of the voice-related nuclei in the brainstem.
This new observation, along with the fact that for this patient the resting-state
connectivity between the voice motor/sensory brainstem nuclei and other
brain regions of interest correlated with an aerodynamic measure of voice,
support the idea that there is a need to investigate whether the neural recovery
process can be enhanced by promoting the restoration of proprioceptive
feedback.

unilateral vocal fold paralysis, UVFP, early intervention, fMRI, sustained phonation,

brain plasticity, nerve recovery, voice recovery

Abbreviations

LEMG Laryngeal electromyography
MeAF Mean air flow
P(1,2,3) Patient (1, 2, 3)

T(1,2,3,4) Time/Session (1, 2, 3, 4)
PHONATION contrast [PHONATION_AUDITION condition
minus AUDITION condition]
MOBILE map P2T3 + P2T4 + P3T3 + P3T4 +
C1T1 +CI1T2 + CIT3 + C1T4
PARALYZED map PI1T1 + P1T2 + P1T3 + P2T1

+ P2T2 + P3T1 + P3T2
T1+T2
T3+ T4

PARALYZED times (for P2 or P3)
MOBILE times (for P2 or P3)

Introduction

Unilateral vocal fold paralysis (UVFP) results in the majority
of cases from peripheral nerve damage in the path of the vagus
nerve (CN X). The motor neurons of this nerve relay to the
ventrolateral portion of the medulla oblongata of the brainstem
at the level of the nucleus ambiguus. The intrinsic muscles
of the larynx receive motor innervation via the recurrent
laryngeal nerve except for the crico-thyroid muscle that is
innervated by the superior laryngeal nerve. An injury to the
vagus nerve or its recurrent branch can therefore lead to the
immobility of the vocal fold on the same side of the injury
(Rosen et al,, 2016). Sensory afferents from the larynx are
transmitted by the superior laryngeal nerve and probably also by
sensory anastomoses with the recurrent laryngeal nerve to the
nucleus of the solitary tract that is also located in the medulla
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oblongata (Foote and Thibeault, 2021). According to a recent
study (Wang H. W. et al., 2020), paralysis is mainly caused, in
decreasing order of prevalence, by surgery (mainly following
thyroidectomy), tumors (mainly in the lung), or idiopathic
causes. Rarer causes include, in the same order, central nerve
damage, cardiovascular disorder, trauma and radiation-related
disorder. Vocal impairment following paralysis can be very
disabling as the voice is often described as hoarse, breathy
and of low intensity or aphonic. Patients may also have
respiratory or swallowing complaints (Misono and Merati,
2012). This condition can substantially impair the quality of life
with repercussions in familial, social and professional spheres.
Patients with UVFP report frustration, isolation, fear and an
altered self-identity (Francis et al., 2018).

Regarding the management of the UVFP, a first critical
question concerns the timing to intervene. Indeed, following
nerve damage, there is systematically an attempt of spontaneous
reinnervation. This process can either lead to a recovery
of mobility of the vocal fold and thus of the voice, or to
an improvement of the voice, without recovery of mobility
(through synkinetic reinnervation that prevents atrophy of the
paralyzed vocal fold and/or favors in a more medial position of
the vocal fold), or it can be unsuccessful. Mau et al. (2017) and
Mau (2019) reported that, in 96% of cases, if voice recovery was
to occur, it would be before 9 months after nerve damage. After
12 months, this percentage increased to 99%. It was therefore
recommended not to perform definitive surgical modification
(such as medialization laryngoplasty or laryngeal reinnervation)
before this time, unless the prognosis for recovery, as assessed

frontiersin.org


https://doi.org/10.3389/fnins.2022.947390
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Dedry et al.

with laryngeal electromyography (LEMG), is very poor or that
life expectancy is very short (so the patient cannot wait for
spontaneous voice recovery). Mau et al. (2017) and Mau (2019)
also suggested that the probability and speed of spontaneous
recovery are dependent on the severity of the nerve damage
as well as the distance of the site of the nerve injury to the
vocal muscle. Patients with idiopathic paralysis, mostly due to
neurapraxia, would therefore be to expected to recover more
frequently and more quickly than those with neurotmesis or
axonotmesis following surgery.

A second key question is what to propose as an effective
intervention for UVFP. The time course of the injury, the
severity of the nerve damage and its location can therefore guide
the choice of a treatment option. In addition, the position of
the paralyzed vocal fold is a determining factor as it influences
the severity of vocal, respiratory and/or swallowing symptoms.
Lastly, although some recommendations are reported in this
introduction, these do not prevail over the patient’s needs and
expectations in determining the most appropriate treatment
option. Permanent interventions recommended after a waiting
period of 9-12 months will not be discussed here. In the waiting
period, two types of interventions could be offered to patients,
behavioral voice therapy and injection augmentation. Reviews
of the literature supported that behavioral voice therapy is
effective in improving the voice of patients with UVEP as well as
avoiding the development of maladaptive compensatory vocal
behaviors (Walton et al., 2017; Maryn et al., 2020). A majority
of studies on the behavioral voice therapy for these patients
reported improvement in voice quality or glottic closure (the
paralyzed vocal fold moving into a more favorable position for
the voice). Only the study of Mattioli et al. (2015), discussed
results in terms of improvement of mobility of the paralyzed
vocal fold. Since there was no control group and since the
improvements of the paralyzed vocal fold were mainly observed
in the early behavioral voice therapy groups (before 2 months),
authors agreed that it was difficult to distinguish the part of
the progress related to the therapy and the part related to
possible spontaneous reinnervation. In a more complex way,
it is also possible to hypothesize that early intervention might
support this process, but this cannot be confirmed. The second
intervention option, augmentation injection of a temporary and
fully resorbable material, allows to improve the patient’s voice
immediately by filling the paralyzed vocal fold (Courey and
Naunheim, 2020; Wang C. C. et al,, 2020), placing it in a more
medial position and thus more favorable position for glottic
closure during phonation. This is an effective and temporary
procedure. The time of complete resorption, ranging from
1 month to 1 year depends on the injected material (Kwon
and Buckmire, 2004). Furthermore, this intervention does not
prevent the reinnervation process (Marques et al., 2021). Several
retrospective studies, have suggested that early injection would
reduce the need for permanent intervention at the end of the
waiting period (Mau, 2019). However, most of these studies
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did not specify whether this decrease was related to a recovery
of a satisfactory voice in the absence of vocal fold mobility
or to a recovery of vocal fold mobility. Furthermore, except
for the prospective study of Pei et al. (2015), no experimental
design has attempted to evaluate the possible reinnervation
process (Mau, 2019). Pei et al. (2015) showed that 6 months
after the injection, there was no difference in quantitative LEMG
(peak turn frequency measure) between an injection group
and a control group. They also emphasized that the decision
to perform a permanent intervention is usually influenced by
other considerations besides the voice function, such as the
patients general and mental health, their confidence in the
medical procedure, and the interactions with their physician.
Therefore, the permanent intervention rate would not be a
reliable indicator of recovery. This study did not detail how
many patients had recovered voice and/or mobility in the two
groups at the end of 6 months. Besides, in the injection group
assessments were also performed at 1 and 3 months, but not in
the control group. It would have been interesting if these results
had been detailed and compared with similar assessments in the
control group. Indeed, it may be considered that an injection of
a temporary material could generate modifications or influence
the recovery process differently than natural recovery, even if the
final state is similar.

Different hypotheses have been suggested as to how early
intervention might promote spontaneous recovery of voice
and/or mobility. Accordingly, it would be interesting to analyze
what happens at the level of the peripheral nervous system, but
also at the level of the brainstem and the brain; neuroplasticity
required for such hypotheses, occurring more central than the
recurrent laryngeal nerve.

Only four studies have used Magnetic Resonance Imaging
(MRI) to investigate changes that occur in patients with vocal
fold paralysis. The study of Kiyuna et al. (2020) compared a
group of 12 patients with left UVFP for more than 6 months
(M = 21.17 months, SD = 22.6) to a group of 12 matched
control subjects sustaining 3 s. [i:] vowel in an MRI scanner. The
comparison of these two groups between rest and phonation
revealed that the UVFP patients showed increased brain
activation in the following regions: in the right secondary
motor areas (BA 6), primary somatosensory areas (BA 1 and
2), angular gyrus (BA 39), bilateral SMA (BA 6), left inferior
parietal lobule (BA 40), superior parietal lobule (BA 7), and
middle frontal gyrus (BA 8). The right superior temporal gyrus
(BA 22) showed reduced brain activity in UVFP patients. This
shows that, in case of chronic vocal fold paralysis, sustained
vowel phonation involves an hyperactivation of the phonatory
motor network and that a peripheral nerve damage leads
to neuroplasticity. Furthermore, two case studies investigated
brain changes following voice improvement. Galgano et al.
(2009) investigated central neural activation changes after a
permanent intervention (type I medialization thyroplasty) in
a patient with an UVFP for 3 months. fMRI scans were
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completed prior to surgical rehabilitation, 1 month following
surgery and 6 months following surgery during following
four tasks: a sustained “uh” phonation task at high pitch,
sustained “uh” at comfortable pitch, sustained “uh” at low
pitch, and a repetition task of the “uh” sound over 4 s.
Increased activation was reported in premotor planning (middle
frontal gyri) and motor execution areas (precentral gyri) in the
frontal lobe, in the inferior and superior parietal lobes, in the
superior temporal gyrus, in the thalamus and in the cerebellum
1 month post-surgery. The results at 6 months, however, were
difficult to interpret because the patient’s health had deteriorated
significantly and she was undergoing chemotherapy. Joshi et al.
(2011) selectively blocked (i.e., temporarily paralyzed) the right
recurrent laryngeal nerve by injecting a solution of lidocaine
and epinephrine in this nerve. Brain activations were compared
in a sentence reading task before induced paralysis, during
paralysis and 1 h after recovery. Greater activation was reported
during recovery phase compared to baseline or paralysis period.
Although this was different from pathological nerve damage
leading to more chronic UVFP and the recovery process was
quick, this study showed evidence that neuroplastic changes
were observed directly after paralysis and recovery. Perez et al.
(2020) compared a group of 10 patients who presented UVFP
for more than 12 months and who had been treated with a
permanent intervention (type I medialization thyroplasty) for
at least 3 months, to a group of 12 control subjects. They
investigated resting-state connectivity and reported significant
differences in connectivity between the two groups: increased
resting-state connectivity between both caudate nuclei and the
precuneus and decreased connectivity between these nuclei
and the left cerebellar hemisphere, for UVFP patients. Their
study testifies that some long-term changes underlying learning
processes can be observed in resting state. These studies indicate
that (a) UVFP triggers different phonatory activation patterns
than that observed in healthy subjects and that (b) improvement
of voice following intervention may lead to adapted phonatory
brain function.

Considering this information, and in an attempt to improve
understanding of the spontaneous reinnervation process, as well
as the possible impact of early interventions on voice recovery
and/or vocal fold mobility, it appears interesting to evaluate
peripheral and central neuroplasticity at several time points,
such as shortly after nerve injury and subsequently for a period
up to 9/12 months. Therefore, the present study followed three
UVEP patients for 1 year with several multiparametric voice
assessments and MRI. First, we will comment on the task
proposed in this study with regard to our previous review of
the literature on activated regions in sustained vowel phonation
tasks (Dedry et al., 2022). Second, we will describe the evolution
of brain and brainstem activations for this phonation task in
three UVEP patients according to time, proposed interventions
and vocal and/or nervous recovery. Third, we will focus on
the neural recovery of the two patients who recovered vocal
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fold mobility. Finally, we will look at how the resting-state
connectivity was related to the other results. Due to this small
number of patients (as a consequence of hindered recruitment
during the COVID-19 pandemic), we were restricted to an
exploratory and qualitative multiple-cases study.

Materials and methods

Participants

The of this
longitudinal study was approved by the Ethics Committee
of the University Hospital
B403201837695)
with the principles of the Declaration of Helsinki. All
The
inclusion criterium for the study was to have had a UVFP

protocol prospective  multiple-cases

of Saint-Luc  (number:

and was conducted in accordance

participants signed a written informed consent.
for less than 3 months.

Three women with UVFP and one healthy control
participant with no history of neurologic, hearing or voice
disorder were enrolled. The first patient (P1) was a 61-
year-old left-handed female with left UVFP with vocal
fold in abductory position for 87 days at the time of
study inclusion. The identified cause of her paralysis was
the excision of a mediastinal paraganglioma. The second
patient (P2) was a 30-year-old right-handed female and
had a right UVFP in paramedian position resulting from a
thermoablation of a thyroid nodule 78 days before inclusion
in the study. The third patient (P3) was a 54-year-old
and right-handed female with a right UVFP in abductory
position. She identified the onset of symptoms as following
an upper respiratory tract infection that had occurred 41 days
prior to study inclusion. The female control participant (C)
was right-handed and 55 years old. All participants were

French speaking.

Intervention and assessment
procedures

The three patients received different treatments and had
several multiparametric voice assessments during the 9 months
of their participation. The healthy control participant received
no intervention.

In terms of treatment, P1 had fifteen 30-min sessions
of voice therapy as well as video-guided homework to be
performed between sessions. The sessions were scheduled
over 10 weeks (two sessions per week for 5 weeks and
then one session per week for the next 5 weeks). The
objective of the therapy was to progressively improve the
opening and closing movements of the vocal folds by
exerting the intrinsic abductor and adductor muscles of
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the larynx. This therapy included resonant voice exercises,
pitch and loudness variation training, glottal fry exercises,
humming exercises, soft glottal closure exercises, phonation
on inhalation, Valsalva training, sustaining vowel phonation
and sniffing/smelling exercises. At the beginning of vocal
therapy, P1 also received a sham injection, which consisted of
a subdermic injection of saline solution in the neck (supra-
hyoid puncture site), under conditions similar to an acid
hyaluronic augmentation injection (described below). Sham
interventions (sham injection or sham voice therapy) were set
up so that each patient would receive two similar interventions
without knowing which one and whether they were effective and
specific to UVFP.

P2 received a sham voice therapy consisting of exercises
that were designed to not actively mobilize the vocal folds.
These exercises aimed at avoiding maladaptive compensatory
behaviors, promoting neck and shoulder muscles relaxation and
optimizing breathing and posture. The planning of the sessions,
their duration and the homework requirements were identical
to the protocol of P1. P2 was intended to receive a hyaluronic
acid injection but due to anatomical reason (thyroid gland
enlargement), the injection could not be performed during
the laryngology consultation, hence she also received a sham
injection. Therefore, P2 did not receive any effective or specific
treatment for UVFP.

P3 underwent vocal fold augmentation with a supra-thyroid
injection of 1 ml of hyaluronic acid under local anesthesia and
controlled by laryngoscopy in the right/paralyzed vocal fold. She
also had the same sham voice therapy as P2.

In terms of timing, the COVID-19 pandemic has disrupted
the originally planned timelines for assessments; P1 had three
assessments while P2 and P3 had four. Considering that day + 0
is the presumed day of the nerve damage, P1 had three

10.3389/fnins.2022.947390

assessments at D + 87, D + 270, and D + 370. Voice therapy
was started at D + 92. P2 had four assessments at D + 78, D + 99,
D + 161, and D + 358. Finally, P3 had four assessments at D + 41,
D +83,D + 218, and D + 315. The hyaluronic injection occurred
at D + 60. The delays in days from the paralysis to the different
follow-up points are represented in Figure 1.

Unilateral vocal fold paralysis
assessment

Multiparametric ~ assessment as recommended by
Dejonckere et al. (2001) and Mattei et al. (2018) was carried out
at three or four moments.

Videostroboscopic examination confirmed UVFP and
allowed to qualitatively track the evolution of the following
parameters with visual analogue scale: glottic closure, position
of vocal folds, mucosal wave and vibratory amplitude, regularity
and symmetry. Participants were asked to breathe, to sustain
[a:], to produce [i:] at high pitch, to repeat three times
the sentence “Le petit chat fait sa toilette” and to sniff.
These examinations were then scored by three experienced
otolaryngologists in order to classify the mobility of the vocal
fold on the Ricci-Maccarini et al. (2018) 6-point scale (1:
immobile in median position, 2: immobile in paramedian
position, 3: immobile in intermediate position, 4: immobile in
abducted position, 5: hypomobile, 6: normally mobile). In case
of disagreement, the score proposed by 2 of 3 raters was retained.

The following acoustic measures were collected: intensity
range, mean fundamental frequency, fundamental frequency
range, jitter, shimmer, noise-to-harmonic ratio, smoothed
cepstral peak prominence. The following aerodynamic measures
were collected: maximum phonation time, phonatory quotient,
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estimated subglottic pressure, mean air flow (MeAF). The
collection procedure of these measures is described in the
Supplementary Table 1. Multiparametric indices such as the
Acoustic Voice Quality Index (v.02.02) (Maryn et al., 2010) and
Dysphonia Severity Index (original version) (Wuyts et al., 2000)
were calculated. The Hirano’s GRBASI scale (Hirano, 1989)
and the Voice Handicap Index-30 (Jacobson et al., 1997) were
completed.

Finally, laryngeal electromyography (LEMG) of the right
and left thyroarytenoid and cricothyroid muscles was performed
using concentric needle electrodes with a recording area of
0.07 mm? (length = 37 mm, diameter = 0.46 mm), connected
to the Nicolet Viking AT2 + 6 amplifier electromyography
acquisition system (Natus Medical Incorporated, Pleasanton,
CA, United States). For thyroarytenoid muscles, recordings
were made at rest, during sustained phonation of the [a:]
at habitual pitch and comfortable loudness for at least 3 s
and during a series of three sniff inspirations. Potentials in
the cricothyroid muscles were measured during phonation
of a high-pitched [i:]. Qualitative LEMG interpretation
was completed by three professionals (one neurologist, one
otorhinolaryngologist and one speech-therapist), based on the
characteristics of the EMG waveforms described in Kneisz
et al. (2020) (high-pass filter set to 20 Hz, low-pass filter setting
10 kHz, sampling frequency set to 20 kHz). Only the recording
of the thyroarytenoid muscle on the paralyzed side during the
sustained phonation task was qualitatively scale-coded. The
volitional electromyographic activity during phonation in the
thyroarytenoid muscle of the paralyzed side was scored on a
4-point scale (1: dense volitional activity, 2: midly decreased
volitional activity, 3: strongly decreased volitional activity, 4:
single fiber activity) (Kneisz et al., 2020). Again, in case of
disagreement, the score proposed by 2/3 was retained.

During the first assessment, a hearing test was also
performed (tonal and vocal audiometry). At this time, if patients
had a hearing impairment, were unable to produce the sustained
[a:] for 3 s or did not have an electromyographic signal in the
thyroarytenoid muscle during the LEMG, they would have been
excluded from the study. For evident reasons, patients with
contraindications for MRI examinations could not be recruited.
This was never the case in this study.

Neuroimaging assessment

Functional magnetic resonance imaging tasks
Before each fMRI scanning session, participants had a 15-
min appointment with the experimenter to record the sustained
[a:], to review the task and to practice it outside the MRI scanner.
Participants were asked to sustained [a:] on habitual pitch and
intensity levels for 4 s. This sustained phonation was recorded
and was then edited to retain 3 s of continuous sound (the
onset of the production was removed from the recording). The
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sustained [a:] vowel was chosen because it is generally used
in the laryngology/voice clinics for acoustic and aerodynamic
measurements as well as during videostroboscopy and LEMG.
The short 3-s duration was chosen to ensure that all patients
would be able to produce the sustained [a:] at all times during
the time course of their vocal fold paralysis.

The experimental protocol consisted of three conditions.
For the PHONATION_AUDITION condition, participants
were asked to produce the [a:] on habitual pitch and intensity
for 3 s. To ensure sufficient auditory feedback of the sound
(in addition to bone conduction) in the noisy MRI scanner,
the prerecorded sustained [a:] was also played through MRI
compatible audio headphones simultaneous with the voice
production. Participants were told that, in this condition, they
were hearing herself live. In the AUDITION condition the
participants were asked only to listen to their pre-recorded
sustained [a:]. In this condition, they had no phonatory task.
In the REST condition, the participants had nor phonatory
nor listening task.

Functional magnetic resonance imaging
paradigm and procedure

The fMRI experiment was presented with a randomized
event-related design. Each condition was repeated 15 times for
PHONATION_AUDITION and AUDITION conditions and 10
times for REST condition. The run total duration was 11 min 3 s.

Each event began with the presentation of an instruction
slide for 2 s. On this slide, the same two visual symbols were
presented to participants in all three conditions: a talking
mouth and a hearing ear. When these symbols were presented
in black color (on a gray background), no “phonation” and
“audition” should be performed (REST). When they both were
in yellow color, participants had to listen to the sustained [a:]
while producing it (PHONATION_AUDITION). When only
the hearing symbol was in yellow color, participants only need
to listen to their prerecorded sustained [a:] (AUDITION). After
the instruction slide, there was a visual countdown from 3-to-
1 before presentation of a green loading bar that progressed
during the 3 s of the task. Finally, there was a rest period ranging
between 7 s and 9.8 s with a black fixation cross. An example
of such sequence is demonstrate in Figure 2. These visual
instructions were generated using Eprime 2.0.8.90 (Psychology
Software Tools, Pittsburgh, PA, United States!) and presented
on a screen (NordicNeuroLab, Norway?). A MRI-compatible
headset was needed to attenuate the background noise and
play the pre-recorded sustained [a:] (NordicNeuroLab, Norway,
see text footnote 2). A coil angle-mirror was used to allow
participants to see the screen located over the head of the subject.

Two specific instructions were given to reduce non-
experimental variability between all three conditions due to

1 http://www.pstnet.com

2 https://www.nordicneurolab.com
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Functional magnetic resonance imaging task paradigm. Participants were trained to systematically inhale on the “1" of the 3-to-1 countdown
and had to keep the mouth slightly open, in the articulatory position for the [a:] phonation, during the whole experiment.

articulatory and respiratory movements. Participants were
instructed to place themselves in the articulatory position for
the [a:] phonation at the beginning of the task and to remain
with their mouths slightly open during the entire functional
acquisition. They were also asked to systematically inhale on the
“1” of the 3-to-1 countdown regardless of the condition.

In the absence of an MRI-compatible microphone, it was
not possible to monitor the correct execution of the task during
or after the examination. Different specific questions about the
procedure were therefore asked to the participant directly after
the examination to confirm the correct completion of the tasks
in the three conditions.

Imaging acquisition parameters

Anatomical, functional (resting-state and task) and
multishell diffusion sequences were acquired at the Cliniques
Universitaires Saint-Luc (UCLouvain, Belgium) using a 3T
head scanner (Signa Premier, General Electric Company,
United States) equipped with a 48-channel coil. Diffusion
images were not used for the current study. A three-
dimensional (3D) T1-weighted data set encompassing the
whole brain was selected to provide detailed anatomy (1 mm?)
thanks to a MPRAGE sequence (inversion time = 900 ms,
repetition time (TR) = 2188.16 ms, echo time (TE) = 2.96 ms,
flip angle (FA) = 8°, field of view (FOV) = 256%256 mm?,
matrix size = 256*256, 156 slices, slice thickness = 1 mm,
no gap, total scan time = 5 min 36 s). Task and resting-state
MRI T2-weighted sequences of brain activity were collected
with echo-planar imaging: FOV = 220*220 mm?, matrix
size = 110*110, TE = 30 ms, TR = 1700 ms, FA = 90°, 75 slices
(order ascending and interleaved), slice thickness = 2 mm,
3. For

the task sequence, the whole brain slices were scanned

parallel imaging (ARC2) and hyperband factor
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390 times per run (= 11 min 3 s) and for the resting-
state, the whole brain slices were scanned 210 times per
run (= 5min 57 s).

Neuroimaging data processing

The MRI data were analyzed using BrainVoyager
(Version 22.2.2, Brain Innovation, Maastricht, Netherlands).
Preprocessing of the resting-state and functional data consisted
of linear trend removal to exclude scanner-related signal drift,
a temporal high-pass filter to remove frequencies lower than
0.07 Hz (task) and 0.005 Hz (resting-state) and correction for
head movements using a rigid body algorithm for rotating
and translating each functional volume in 3D space. The data
were also corrected for time differences in the acquisition of
the different slices. For the resting-state, because spontaneous
low-frequency fluctuations are not exclusively BOLD-related
fluctuations, but also contaminated by non-neural signals (i.e.,
artifacts), several additional pre-processing steps were added
to remove these undesirable sources of variance. Regression
analyses were performed to remove artifacts due to residual
motion (the six movement regressors were obtained during
the previous motion correction) and changes in ventricles (the
signal from the ventricular mask defined in each participant).
The data were smoothed in the spatial domain (Gaussian
filter, FWHM - 5 mm). To compare the locations of activated
brain areas across participants, all anatomical and functional
volumes were spatially normalized in Montreal Neurological
Institute — MNI space and flipped for P1, and the statistical
maps computed were overlaid on the 3D T1-weighted scans.
In this way, the acquisitions of the three patients are consistent
with paralysis of the right vocal fold. All co-registrations were
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verified and movement corrections were optimized, using a
sinc interpolation.

Data analyses

Since all MRI scans acquired for P1 were flipped
(inverted), all analyses assumed right UVFP. Furthermore,
the analyses were performed for a particular contrast, the
PHONATION contrast, which includes the activations
of the PHONATION_AUDITION condition fMRI scans
minus the activations of the AUDITION condition scans
(PHONATION = [PHONATION_AUDITION - AUDITION]).
The MOBILE map was also investigated independently of
the PARALYZED map. The MOBILE map was computed
by grouping the “mobile” time points; these were sessions
3 and 4 of P2 and P3, as well as the four sessions of C1 (8
runs). The PARALYZED map included the three sessions of
P1, as well as session 1 and 2 of P2 and P3 (7 runs). Besides,
four behavioral measures were also selected for analysis of
correlations with MRI observations. These were selected
because they represented different aspects of the voice and
vocal fold mobility. The Acoustic Voice Quality Index - AVQI
(Maryn et al, 2010) is an acoustic measure, the mean air
flow (MeAF) is an aerodynamic measure, the scale-coding
of qualitative LEMG is a peripheral nerve measure and the
qualitative laryngoscopy scale is a visual measure of vocal fold
mobility. These are provided in Table 1 for the different time
points of the study.

Functional magnetic resonance imaging
analysis

Functional data were analyzed using a multiple regression
model (general linear model; GLM) consisting of predictors,

TABLE 1 Behavioral measures at different assessment times.

10.3389/fnins.2022.947390

which corresponded to the particular experimental conditions:
PHONATION_AUDITION, AUDITION and REST. The
predictor time courses used were obtained by convolution of a
condition box-car time course with a standard hemodynamic
response function (two-gamma HRF). We conducted two
types of analyses, based on regions of interest (ROI) and in
the whole brain.

To define the regions of interest (ROI) (Dedry et al,
2022), the present experiment used a previous literature review.
This study highlighted 20 left-sided coordinates or clusters
of activation and 23 right-sided coordinates or clusters of
activation in fifteen different regions in the brain and cerebellum
(named according to the atlas of Mai et al, 2006). In this
previous literature review, it was decided to exclude regions that
were cited only once in the articles included in the literature
review from the qualitative analysis. These 28 regions were
added to our analyses to ensure a complete overview. Finally, we
chose to include two coordinates in the brainstem since no study
had investigated it so far. All ROI were created by generating
a spherical volume of interest around these coordinates with
a radius of 5 mm (515 mm?). The region of the brainstem
identified was the nucleus ambiguus since it is the first motor
relay of the recurrent laryngeal nerve. MNI coordinates of
this nucleus have been determined from the obex thanks to
the atlas of Paxinos et al. (2012) and were validated by a
neurosurgeon. The solitary tract nucleus, as first sensory relay
of the superior laryngeal nerve and the recurrent laryngeal
nerve, was also examined. However, since MNI coordinates of
the nucleus ambiguus (from =+5, -40, -49 to +£5, -40, -67)
were so close to those of the solitary tract nucleus (£2, -46,
-58) (Frangos and Komisaruk, 2017) and as the radius of the
volume of interest was 5 mm, it was decided to consider this
location as a single region: the motor/sensory nuclei of voice,
located in the medulla oblongata of the brainstem. A total of 73

AVQI MeAF LEMG Laryngoscopy
P1_T1 6.75 0.23 4 4
P1_T3 7.03 0.26 3 3
P1_T4 5.83 0.32 3 3
P2_T1 4.63 0.21 3 2
P2_T2 4.62 0.16 3 2
P2_T3 4.70 0.22 4 5
P2_T4 551 0.19 1 5
P3_T1 6.73 0.61 4 2
P3_T2 4.54 0.23 4 2
P3_T3 4.39 0.16 1 6
P3_T4 6.28 0.10 1 6

The Acoustic Voice Quality Index - AVQI (Maryn et al., 2010) is a multiparametric acoustic indicator rated between 1 and 10. The higher it is, the lower the voice quality. The Men Air
Flow (MeAF) is an indicator of the airflow used for the production of a voiced sentence (in L/sec). For laryngeal electromyography, the volitional activity in the thyroarytenoid muscle of
the paralyzed side was scored on a 4-point scale (1: dense volitional activity, 2: midly decreased volitional activity, 3: strongly decreased volitional activity, 4: single fiber activity) (Kneisz
et al,, 2020). For laryngoscopy, the mobility of the paralyzed vocal fold was assessed based on Ricci-Maccarini et al. (2018) 6-point scale (1: immobile in median position, 2: immobile in
paramedian position, 3: immobile in intermediate position, 4: immobile in abducted position, 5: hypomobile, 6: normally mobile).
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ROI were used for the analyses (cfr. Supplementary Table 2).
First, to validate the sustained vowel phonation task performed
in the MRI scanner with regard to the selected ROI, analyses
were conducted to highlight significant brain activation for the
PHONATION contrast in the 73 ROIs for the MOBILE map
(one-sample Student’s t-Test). Second, for P2 and P3 separate
analyses were run to identify the ROI in which the MOBILE
times (3rd and 4th sessions) and the PARALYZED times (1st and
2nd sessions) ([MOBILE - PARALYZED]) showed significant
differences in activation (independent sample Student’s t-Test).
To further investigate the MOBILE versus PARALYZED
differences, correlational analyses (Pearson correlation) between
behavioral measures and beta-weights in the ROIs were also run
for P2 and P3.

In order to complement, a whole brain analysis was
conducted for each participant and for each assessment time
point, to determine, without a priori functional localization,
the involved regions for the PHONATION contrast. The fifteen
maps (3 x P1, 4 x P2, 4 x P3,4 x Cl) were corrected for
multiple comparisons using Bonferroni correction (p < 0.05).

Resting-state functional connectivity analyses

We used BrainVoyager and a customized Matlab code (The
Mathworks) to calculate cross-correlations between the average
time-course signals, extracted from 55 ROI (cfr. Supplementary
Table2). Fifty-four regions were derived from the 73 ROI
(described in the previous paragraph) intersected with the
MOBILE map. The region of voice motor/sensory nuclei in
the brainstem was included in these 54 ROI on the right
but not on the left; we therefore chose to add the left
nuclei region. This resulted in 1,485 pairs of resting-state
functional connectivity per subject. We entered these pairs in
an ANOVA to investigate differences between the MOBILE
and PARALYZED maps. Independent sample Student’s t-Test
was also conducted between the MOBILE and PARALYZED
times particularly for P2 and P3. For P3, correlational analyses
using Pearson’s r coeflicient were conducted between behavioral
measures and ROL

Results

Validation of the sustained phonation
task

Regions activated for the PHONATION contrast when
the MOBILE runs were pooled, compared to forty-three
coordinates or clusters of activation highlighted in our
review of fMRI phonation
tasks (Dedry et al, 2022), are illustrated in Figure 3.
When examined, 35/43 ROI were significantly activated

literature sustained vowel

or contained an activation peak (p < 0.05). Non-activated

clusters were the following: OP47_InfFrontF_orbit LI,
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FIGURE 3

Activation map for the “Mobile” runs. The upper part is excerpted
from a figure in the Dedry et al. (2022) review of literature. The
clusters and coordinates of interest were represented on a brain
map at two Z coordinates in MNI. The colors were assigned as
follows: green = frontal lobe, red = temporal lobe, dark

blue = parietal lobe, yellow = cingulate gyrus, purple = insula,
orange = putamen, light blue = thalamus. The bottom part
reports activation at a liberal significance threshold (p = 0.05) for
the "MOBILE" runs of the present experiment.

OP47_InfFrontF_orbit_R3, BA42_PlanTemp_CI_R1,
Insula_L1, Putamen_ L1, Thalamus_L1, Thalamus R2, and
Cerebellum_CrusII_R4. With the exception of the cerebellar
Crus II, other ROI in the inferior frontal gyrus, planum
temporale, insula, putamen and thalamus showed activation.
Furthermore, when considering the PARALYZED map, the
cluster in the left putamen was activated. This does not imply
that these regions could not be activated individually for a
participant.

To further validate the ROI of the present study,
the thirty newly added ROI were also examined. Six
did not present any significant activation (p < 0.05)
(BA8_SupFrontG_Cl_L1, BA8_SupFrontG_R1,
BA37_MidTempG_L1, BA37_MidTempG_R2,
PiriformCortex_R1, ~AmygdaloidIsland_L1). Two other
ROI in the middle temporal gyrus (BA37, BA21) showed
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Brain activation profiles over time. Evolution of brain activations for the PHONATION contrast using a Bonferroni correction for each patient and
the control subject over time. "VT" means voice speech therapy and “INJ” means injection. “T" represents the different time points of the study.
These images are centered on the left laryngeal motor cortex cluster located at [-50, —8, 32] (in MNI coordinates)

activation. Brodmann area 8 in the superior frontal gyrus and
the amygdalian areas did not appear to play a role in phonation.

Brain activation profiles over time

Figure 4 illustrates the evolution of brain activations for the
PHONATION contrast using a Bonferroni correction for each
patient and the control participant over time. Only the second
MRI scan was missing for P1. These images are centered on the
only cluster output from the ALE meta-analysis performed in
the previous literature review (Dedry et al., 2022), located at [-
50, -8, 32] (in MNI coordinates). This coordinate corresponds
to the dorsal laryngeal motor control area and more precisely,
the ventromedial peak (Brown et al., 2008, 2009; Belyk et al,,
2021).

Qualitatively, hyperactivation was observed for the three
patients at the first fMRI session (between 41 and 87 days
post-paralysis) in comparison with the control participant.
This hyperactivation was mainly localized bilaterally in the
premotor, motor and somatosensory integration regions of the
frontal lobe (pre- and post-central gyri — BAl, BA2, BA4,
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BAG6, BA43), in the cingulate gyrus (BA24, BA32) and also but
less consistently, in the parietal lobe (supramarginal gyrus and
parietal operculum - BA40). In general, there was a decrease in
activation at times 2 and 3. Time 4, which corresponded to stable
state (reinnervation process no longer occurring because the
delay was about 1 year after the nerve injury), resulted in more
activation than at times 2 and 3 but not in the hyperactivation
observed at time 1.

P1, who did not recover vocal fold mobility, is the patient
showing the most activation on the last session, mainly in
the same frontal regions as at time 1. Unlike P2 and P3, she
already had activations in the superior frontal gyrus at time 1
that were still present at the final time. P2 and P3 recovered
vocal fold mobility between the second and the third session.
Different recovery profiles can be considered. P2, who recovered
mobility without injection between time 2 and time 3, showed
a progressive bilateral reactivation (on the third and the fourth
fMRI scans). Her last scan was more similar to that of the control
participant. P3 recovered mobility (between time 2 and time 3)
following an injection of hyaluronic acid just before time 2 in
the right vocal fold. Her recovery profile seems to be lateralized

with a more important activation in the left hemisphere.
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It is also interesting to look at what happens in the region
of the nucleus ambiguus (that is the first central motor nervous
relay) and of the solitary tract nucleus (that is the first central
sensory nervous relay) of the vagus nerve (cfr. Figure 5). No
activation was detected in this region, for any participant and
at any time, except for the second fMRI scan for P3, that
was acquired 23 days after the injection of hyaluronic acid
in the right vocal fold. Although the injection was unilateral,
the activation observed in these nuclei was bilateral and
predominantly on the left side. This activation did not last in
time, since it was no longer present at times 3 and 4.

Brain activation mobility recovery
profiles for P2 and P3

Given these differences, the recovery profiles of P2 and
P3 were investigated in more detail by highlighting the
activation differences in the 73 ROI between the MOBILE
runs (first and second MRI sessions) and the PARALYZED
runs (third and fourth MRI sessions) for the PHONATION
contrast. Independent samples Student’s t-Test was run and
only significant differences (p < 0.05) are reported below. The
reason for grouping the times two by two was to increase the
statistical power. For a detail of the individual times, please refer
to Figure 4. To support the activation variations observed in
some of these ROI, correlations with behavioral measures were
investigated. Only Pearson’s r coeflicients greater than r = 0.6
were reported, none of them were significant since with four
assessment times, the correlation should have been r = 0.95 to
reach significance (p < 0.05).
P2, three ROI deactivated
reinnervation had occurred and the vocal fold was
mobile. These were the following ROI: BA6_PreG_Cl_R2,
BA37_MidTempG_R2, PostCingulateG_R3. No correlation was
observed with MeAF, AVQI or the scale-coding of qualitative
LEMG. Deactivation of these three regions correlated negatively

For significantly when

with the qualitative laryngoscopy scale.

P3 had a more complex profile. She presented deactivations
but also significant activations when the vocal fold was
mobile. First, deactivations were observed in the following
ROI: BA4 PreG_R2, BA4 PreG_L3, BA4 PreG_Cl_R3,
BA6_ParacentralLobule_R2, BA7_SupramarginalG_RI,
Thalamus_R1, this
deactivation observed in the voice motor/sensory nuclei in

Brainstem_MotSens_L. However,
the brainstem was probably only due to the isolated post-
injection hyperactivation at time 2. These deactivations
correlated positively with (a) the MeAF (r from 0.73 to 0.88)
in the precentral gyrus and paracentral lobule (4/7 ROI), (b)
AVQI (r from 0.69 to 0.87) in 3 of these 4 deactivated regions
(except BA4_PreG_CI_R3), and (c) negatively (r = -0.61)
with the deactivation of the voice motor/sensory nuclei in
the brainstem. As explained above, since these nuclei were
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never activated except after injection, this correlation must be
considered with caution. (d) A positive correlation (r from 0.61
to 0.66) was also observed with the scale-coding of qualitative
LEMG (and reversely with qualitative laryngoscopy scale)
in the right precentral and paracentral gyrus, supramarginal
gyrus and thalamus (5/7 ROI). Second, when the vocal
fold was mobile the following ROI were more activated:
BA44_InfFrontG_oper_Cl_R1, OP47_InfFrontF_orbit_L2,
BA22_SupTempG_Cl_L1, Insula_L2, Insula_R3, Putamen_R3,
Thalamus_R2. A negative correlation (r from -0.72 to -0.80)
with the MeAF (a) was found for all the regions except
the left inferior frontal gyrus. (b) AVQI generally did not
correlate with increased activation except for left superior
temporal gyrus (r = -0.85). (c) The scale-coding of qualitative
LEMG correlated negatively and the qualitative laryngoscopy
scale positively (r from #0.67 to £0.79) with 4/7 ROIs (all
except those in the inferior frontal gyrus and the one in the
right thalamus).

These ROIs did not contain significant deactivations or
activations in the control participant when comparing runs 1
and 2 to runs 3 and 4 except for the BA7_SupramarginalG_R1
that showed a significant difference but in the opposite direction
to the one observed in P3 and with a less significant activation
peak in the investigated region.

Resting-state connectivity analyses

Differences in connectivity between the
MOBILE and PARALYZED maps

Qualitatively, Figure 6 shows that functional connectivity
between the 55 ROI selected for resting-state analyses was
higher in the PARALYZED map than in the MOBILE map,
there were thus more regions whose functional activations
vary simultaneously. Quantitatively, only significant (p < 0.05)
differences will be reported in the text below.

Resting-state connectivity decreased mainly between motor
(BA4) and premotor (BA6, BA43) regions and between
those regions and the cingulate gyrus and the lobule VI
of the cerebellum. Resting-state connectivity also decreased
between the parietal regions (BA40, BA7), and between those
regions and the motor and premotor regions, insula, putamen
and cerebellum. A reduction was also observed between
the ROI of cerebellar lobule VI. At the level of the right
voice motor/sensory nuclei in the brainstem, resting-state
connectivity decreased with the right premotor regions (BA6
and BA43), the right cingulate cortex (BA32), and right lobule
VI of the cerebellum. For the left voice motor/sensory nuclei,
decreased resting-state connectivity was observed with the
left premotor regions (BA43), the right globus pallidus and
thalamus, as well as the VI cerebellum lobule. Finally, resting-
state connectivity decreased between the insula, putamen,
thalamus and cerebellum.
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FIGURE 5
P3 over time activation of the region of ambiguus and solitary tract nuclei. Evolution of Patient 3 activation in the region of ambiguus and solitary
tract nuclei for the PHONATION contrast using a Bonferroni correction. These images are centered at [-5, =40, —52] (in MNI coordinates)
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FIGURE 6
Resting-state connectivity matrices for the MOBILE map and the PARALYZED map. This figure is a symmetric matrix representing the
connectivity between the 55 ROI. “reg” means regions. The color scale represents the correlation coefficients from -1 to 1.

Although decreased connectivity was most often present, was mobile. The temporal ROI showed mainly increased
some regions showed significant increased functional bilateral resting-state connectivity with each other but
resting-state connectivity when the paralyzed vocal fold also with some right motor (BA4) and premotor (BA6)
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regions, with the putamen as well as with the post
cingulate gyrus.

The highest of
changes (either increase or decrease) between MOBILE
and PARALYZED maps was found in the following
six ROLI: Cerebellum_VI_R1, BA43 PreG_Cl L1,
BA7_SupramarginalG_RI, Cerebellum_Cl_VI_L1,
BA42_PlanTemp_R2, and Brainstem_ MotSens_L.

degree resting-state  connectivity

Differences in connectivity at the brainstem
level for P3

Following the observation of activation for P3 just after
injection in the area of the voice motor and sensory nuclei
in the brainstem, it appeared interesting to investigate the
modification of functional resting-state connectivity between
these nuclei (left and right) and other ROI. MeAF showed
the highest rate of correlation with changes in resting-state
connectivity between the brainstem nuclei of interest and
other regions. Moreover, the variations of the MeAF were
important for P3 and reflected the immediate effect of the
received injection. Having an UVFP in abduction, the MeAF
of P3 was very high at time 1 (0.61 L/s) due to glottal
air leakage. Immediately after the injection, at time 2, an
important decrease of the MeAF was observed (0.23 L/s) due
to mechanically restored glottic closure (by filling the paralyzed
vocal fold with hyaluronic acid). At times 3 and 4, the MeAF
continued to decrease slightly (0.16 and 0.10 L/s) and even
normalize (Joshi, 2020) due to recovery of vocal fold mobility as
confirmed by videostroboscopy. Therefore, we chose to report
these correlations. The significant correlations had to reach a
Pearson’s r coefficient > 0.95. Ten correlations reached this
score for the right nuclei and five for the left nuclei. Considering
the high number of correlations between r = 0.9 and r = 0.95 (six
on the right and five on the left), we chose to consider them as
well.

The resting-state connectivity changes correlated with the
MeAF between voice motor/sensory brainstem nuclei and other
regions are illustrated in Figure 7. Qualitatively, right nuclei
showed more MeAF correlations with connectivity changes
than left nuclei. Also, the left nuclei showed only positive
correlations while those on the right had both positive and
negative correlations depending on the regions.

For the left nuclei, changes in resting-state connectivity
with several regions in the precentral gyrus were positively
correlated with MeAF. These ROI were the first cluster in
the left laryngeal motor cortex, which corresponded to the
ventromedial peak of the dorsal laryngeal motor control area
(Brown et al., 2008, 2009; Belyk et al., 2021), and some premotor
regions (BA6 and BA43). Connectivity between the left nuclei
and the right superior frontal gyrus (BA6) was also positively
correlated with MeAF. Similar correlations were also observed
with the thalamus and cerebellum. Hence, the correlations
were always positive, indicating that the higher the MeAF
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was (thus, the larger the glottic air leakage), the higher the
resting-state connectivity was between these regions and the left
nuclei.

For the right side, the resting-state connectivity of the voice
motor/sensory nuclei and the two clusters of the laryngeal
motor cortex (BA4) correlated with changes in the MeAF.
For cluster 1 on the left and bilaterally for cluster 2, which
corresponded to the dorsolateral peak of this same region
(Brown et al,, 2008, 2009; Belyk et al., 2021), connectivity was
positively correlated. For the third cluster in BA4 bilaterally,
the correlation was reversed. Thus, connectivity was higher
when MeAF was low (and glottic air leakage was reduced).
This difference in the direction of correlations was also found
elsewhere. Resting-state connectivity with the premotor area
of the paracentral lobule, the inferior frontal gyrus (BA44),
the auditory regions (planum temporale and middle temporal
gyrus) and the cingulate gyrus correlated negatively with the
MeAF. Consequently, resting-state connectivity was higher
when MeAF was low. Conversely, resting-state connectivity
with the premotor regions of the precentral gyrus (BA6),
supramarginal gyrus, putamen and globus pallidus was
increased when MeAF was high. For regions outside the
laryngeal motor cortex, laterality was not always assessed
because the ROIs did not systematically include identical
clusters on both sides.

Finally, changes in resting-state connectivity between right
and left voice motor/sensory brainstem nuclei were positively
correlated with MeAF. The higher the MeAF was, the higher the
connectivity was between the two regions of nuclei.

P2 had an UVFP in paramedian position and her MeAF was
within the normal range (Joshi, 2020) from time 1 and relatively
stable at all other times (0.21, 0.16, 0.22, and 0.19 L/s). It was
therefore clinically irrelevant to analyze the correlations with

this measure.

Discussion

In order to describe the central nervous changes observed
in our three patients, part of the analyses of this study were
performed using the regions of interest of our previous literature
review on sustained phonation tasks in healthy subjects (Dedry
et al,, 2022). As detailed in the “Results” section, most of the
expected regions were also active in the “MOBILE” map of this
study. These regions were therefore considered relevant and
were used in the analyses.

The qualitative analysis of the different evolutions changes
in the three patients revealed a brain hyperactivation for the
PHONATION contrast compared to the control participant.
This enhanced brain activation was already described in the
study by Kiyuna et al. (2020). The authors reported that activity
was greater in the regions involved in voice control in patients
with chronic UVFP (n = 12) compared to the control group. In
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P3_LEFT

FIGURE 7

(either in the direction of more or less connectivity).

P3 resting-state connectivity changes correlated with the MeAF from the voice motor/sensitive brainstem nuclei. The correlation between the
MeAF (L/s) and Patient 3 connectivity changes from the left and right voice motor/sensitive brainstem nuclei is presented. Positive correlations
are shown in red and negative correlations in blue. The size of the spheres represents the degree of change in connectivity of each region

P3_RIGHT

contrast, Galgano et al. (2009) did not report such significantly
increased activation in their patient scanned preoperatively
3 months after onset of UVFP. Our case series study provides an
additional precision; hyperactivation seems to take place rapidly
after the nerve damage (within 3 months) and seems to be
even more increased in this acute phase. Indeed, the activation
was very strong at time 1 compared to the other study times.
P1, who did not recover vocal fold mobility, was also the one
who showed greater activity at time 4. This greater activation
compared to the control participant was also observed to a lesser
extent for P2 and P3. It would have been interesting to scan these
two patients a fifth time to see if, once recovery was stabilized,
they returned to a level of activation completely similar to
that of the control participant. After 1 year, we cannot state
that the recovery of mobility after paralysis activates the brain
regions similarly to the activations observed in someone who
has never had an UVFP. The resting-state connectivity analyses
also provided supplementary and novel information. Indeed, in
our patients, the UVFP-related hyperactivation during paralysis
observed for the PHONATION contrast in fMRI was associated
with an increase in resting-state connectivity (without doing
any task) between most regions of interest. Paralysis would
therefore lead to an increase in activation in the phonation task
but also to an increase in resting-state connectivity between
the hyperactivated regions. These resting-state results cannot be
compared with those of the only previous study that conducted
connectivity analyses (Perez et al., 2020). Indeed, these authors
recruited patients who had experienced UVFP for more than
1 year and who had received a permanent intervention. They
were outside the time course of nerve recovery. The central
plasticity processes at work in their study were therefore quite
different from those investigated in the current study.

These qualitative observations also enabled to observe a
different brain plasticity in the process of nervous recovery for
P2 than for P3. We therefore investigated the changes in ROI
activation for the MOBILE time compared to the PARALYZED
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time. In order to support the assumption that the observed
changes were indeed related to the recovery process, we looked
at whether these correlated with certain behavioral measures.
Few significant changes were observed for P2. These differences
were observed on the right side, the “healthy” cerebral
side, contralateral to the lesion [since cortico-motoneuronal
projections are bilateral but with a contralateral dominance
(Jurgens, 2002)]. These were in the direction of deactivation
and correlated negatively with qualitative laryngoscopy scale
(no correlation with MeAE AVQI or qualitative LEMG scale-
coding). P2, who recovered spontaneously from paralysis in the
paramedian position, seemed to show milder and progressive
changes. The correlations with behavioral measures were also
fewer, but in view of the position in which the paralyzed
vocal fold was positioned, the MeAF and the AVQI were
already less impacted at baseline. The changes observed in P3
were more frequent, more bilateral, were in the direction of
deactivation or activation and were correlated with behavioral
measures. Finally, at the final MRI session, activations observed
qualitatively for the PHONATION contrast in P2 were more
similar to those of the control subject. The profile of P3 showed
more activation and a more lateralized activation on the left
brain side. A precise analysis or any conclusion with these two
patients is not possible, but we hypothesize that the abrupt
change induced by the injection may have resulted in greater
plasticity and that the post-injection nerve recovery process may
differ from the spontaneous nerve recovery process.

It is still a matter of debate whether and how the injection
augmentation could promote voice recovery and/or recovery
of vocal fold mobility (Mau, 2019). This study is the first to
investigate the changes in brain activation following an injection
with several MRI scans. We found that, following the injection,
the region of the voice motor and sensory nuclei in the medulla
oblongata (brainstem) was activated bilaterally. This was the
only scan in the study where activation at this location was
observed. Furthermore, it is important to note that, at this time,
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P3 had not yet recovered mobility of the vocal fold (UVFP
confirmed at time 2 by videostroboscopy) and that the scale-
coding of her thyroarytenoid muscle electromyography was
equivalent to time 1. Therefore, there was no indication yet that
reinnervation was going to be successful. As this was a multiple-
cases study, we applied a Bonferroni correction in order to
obtain robuster results. There could also be activation of these
nuclei in all mobile vocal fold phonation tasks at a threshold that
cannot be reliably assessed with the methodology of this study. It
is therefore still uncertain whether this is a one-time activation
or a hyperactivation compared to all other assessment times and
subjects.

Different hypotheses were summarized by Mau (2019) on
the possible impact of injection on voice recovery or vocal
fold mobility recovery. Only one of them can be applied to
mobility recovery; the injection would restore proprioceptive
feedback that would favor spontaneous reinnervation process.
The sensory receptors of the muscles of the glottic level would
recover sensations similar to those of a healthy voice due to
the restoration of the subglottic pressure during phonation
and/or due to the vibro-tactile stimulation due to the contact
between the paralyzed vocal fold with the healthy vocal fold.
Furthermore, auditory perception of clearer and/or louder
sounding voice is restored as a result of this early injection
(Smith et al.,, 2020). Restoring feedbacks could therefore play
a role in the peripheral reinnervation process, but it remains
unclear how these processes occur. Two aspects of our study are
in line with the first hypothesis.

First, the activation observed in the nuclei of interest was
bilateral but more prominent on the left side, contralateral to
the paralyzed vocal fold. The motor and sensory innervation
between the vocal folds and the voice-related nuclei in the
brainstem being unilateral, it may be surprising to see a bilateral
medulla response after an injection into a unilaterally paralyzed
vocal fold. One possible explanation is that by injecting the
paralyzed vocal fold and restoring the tightness of the glottic
closure, the sensation of subglottic pressure and of vocal fold
contact would be restored for both vocal folds. Furthermore,
the greatest response on the healthy side would be expected
since more sensory nerve fibers would be preserved on this side.
LEMG at times 1 and 2 confirmed that the nerve damage was
low in the vagus nerve pathway and that the superior laryngeal
nerve was preserved. Indeed, the signal observed in the crico-
thyroid muscle was normal. The middle division of this nerve
internal branch is responsible for sensory innervation of the
vocal folds (Foote and Thibeault, 2021). Moreover, according
to the synthesis written by Foote and Thibeault (2021) on
the sensory innervation of the larynx, Galen’s anastomosis
and/or the arytenoid plexus are highly prevalent in humans and
consequently, the posterior branch of the recurrent laryngeal
nerve (classically described as only motor) would play an
important role in the sensory innervation of the subglottic
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region. That this nerve was injured on the paralyzed side and
preserved on the mobile side could contribute to a greater
sensory response in the left nuclei of the solitary tract.

Second, for Patient 3, MeAF was the measure that showed
the highest rate of correlations with changes in resting-state
connectivity between the voice-related nuclei in the brainstem
and other regions. MeAF is an indicator of the glottic air leakage
present during phonation; it is therefore indirectly related to
glottic closure and thus to the restoration of proprioceptive
perception of subglottic pressure. Furthermore, the observation
of the correlation of the MeAF with the connectivity at rest
in this patient has allowed to highlight different points. The
resting-state connectivity between voice motor/sensory nuclei
bilaterally was more important when the MeAF was high;
therefore, when the glottic air leak was important, when the
vocal cord was paralyzed. The resting-state connectivity between
the left brainstem nuclei and the motor, premotor, thalamic and
cerebellar regions was also more important when the MeAF was
high. This increased connectivity could reflect an attempt to
compensate from the healthy side. On the paralyzed vocal fold
side (right), direction of the correlations varied.

Although both of these elements support the hypothesis
that restoring proprioceptive feedback could be beneficial, the
effect of restoring auditory feedback cannot be isolated in the
present study. Indeed, the injection generates both a restoration
of the subglottic pressure and an improvement of the vocal
quality. The patient could therefore hear herself again with a
more stable and powerful voice after the intervention. Auditory
feedback may also play a role. The study of Smith et al. (2020),
which investigated the effect of disrupting auditory feedback
and proprioceptive feedback on the laryngeal compensatory
response, concluded that when both sources of feedback were
available and the information received by these two perceptual
systems was congruent, the compensatory response was greater.
Although this study was not conducted in patients with voice
disorders, the presence of auditory feedback may potentiate the
effect of proprioceptive feedback detected in the voice-related
nuclei in the brainstem.

Qualitatively, an important observation was that the patient
reported being able to clearly identify the moment her “normal”
voice started to return. This occurred 3 months after the
injection (between time 2 and time 3). She then commented
that her voice was clearer already in the morning, that there
was no longer a hitch, and that the voice always came out as she
expected. This patient was therefore particularly attentive to her
senses, whether they were sensory or audible.

All the observations above invited questions about the
conditions that might foster the reinnervation process. Some of
these have been described previously. First, the severity of the
nerve injury as well as the distance between the damage and
the vocal muscle impact the possibilities of nervous recovery
(Mau et al,, 2017). Neurotmesis or axonotmesis are less likely
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to result in reinnervation to restore mobility than neurapraxia.
Indeed, the more the nerve fibers are damaged, the more the risk
of having a synkinetic reinnervation is important (Mau et al.,
2017). Although it is not easy to have a clear indication of these
parameters, different aspects can provide an indication. LEMG
shows a good positive predictive value for screening patients
with poor recovery prognosis (Wang et al., 2015) but can also
inform on the topology of the injury. When the nerve signal
is intact in the crico-thyroid muscle, the damage is located
further along the vagus nerve, at the level of the recurrent
laryngeal nerve. In addition, the etiology is also informative.
Indeed, recoveries are more frequent in idiopathic or infectious
UVEP (Sulica, 2008). A hypothesis on the severity can also
be formulated according to the type of surgery performed.
Second, the activation observed of the brainstem voice-related
nuclei leads us to consider the need for sensory innervation to
remain available for proprioceptive feedback to be transmitted.
Regarding the vocal folds contact, this transmission is ensured
by the superior laryngeal nerve. Regarding the subglottic
pressure, it could be ensured by some sensory anastomosis
with the recurrent laryngeal nerve. The impairment or not of
these nerves could therefore be a determining factor. Third, in
order for proprioceptive feedback to be effective, glottic closure
must be complete during phonation. This condition depends
on the position and the possible amyotrophy of the paralyzed
vocal fold. The vocal fold could be paralyzed in the paramedian
position but, when this is not the case, the injection could carry
out this function. If this procedure is required, it is preferably
performed as early as possible after the nerve injury. Indeed, it
has been described that the chances of nerve recovery are higher
just after the injury and decrease significantly with time to be
minimal from 9 months (Mau, 2019). This would be a fourth
condition.

This study presents several points of improvement for
future studies. First, regarding the experimental design, it
would be beneficial to record the patients with a microphone
during the task and have them hear themselves live with
auditory feedback from the microphone. This would permit
the use of the prerecorded [a:] only in the AUDITION
task and ensure that the task was performed as instructed.
In addition, a choice was made regarding the analyzed
behavioral measures. This choice was justified based on the
principle of having a representative measure of the different
parameters of the voice: acoustic, aerodynamic, vocal fold
mobility and peripheral innervation. These last two parameters
were analyzed with qualitative scales previously reported. Other
teams may consider it more relevant to measure quantitative
parameters for these two aspects. Concerning the fMRI
analyses performed, some of them were based on regions of
interest defined in a previous literature review. They were
representative of the regions reported to be activated by a
sustained vowel phonation task but were not always bilateral.
It was therefore not always possible to distinguish between
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compensation of the healthy vocal fold and reinnervation
attempts in the paralyzed vocal fold. Bilaterality could only
be commented on at the level of the brainstem voice-related
nuclei and of the laryngeal motor cortex for which the
clusters were systematically bilateral as also for the qualitative
analyses in the whole brain. In the future, the contralateral
coordinates should always be included for each ROI in the
investigated regions. Finally, given the intrinsic heterogeneity
of this voice disorder, we recommend privileging case series
analyses.

More hypotheses than answers were addressed in this study.
Given the small number of profiles analyzed, it was only possible
to describe and share the methodology and our observations.
Only one patient received injection, we formulated several
conditions for the replicability of our observations with this
patient and we hope that other patients with similar profiles
will support our assumptions. Furthermore, we have to be aware
of the possibility that P3 could have recovered spontaneously
without the injection. Our assumptions are therefore not
intended to encourage a more systematic early injection but to
encourage understanding of whether and how early injection
augmentation might influence the nerve recovery process. We
hope that both the experimental design and the results discussed
will encourage further research on this exciting and crucial issue
in order to develop and provide the best possible intervention
for each UVFP patient.

Conclusion

This multiple-cases longitudinal study highlighted several
points. In our three patients, an hyperactivation was observed
at time 1 for the sustained vowel phonation task. This
hyperactivation was related to an increase in resting-state
connectivity between phonatory regions of interest. Moreover,
two patients recovered vocal fold mobility but the brain
plasticity related to this nerve recovery did not follow a similar
trend. We did not identify a single pattern of brain plasticity
related to recovery; this could depend on whether the recovery
is spontaneous or supported by an early intervention. Finally,
for the patient who received an augmentation injection in
the paralyzed vocal fold, we subsequently observed a bilateral
activation of the voice-related nuclei in the brainstem. This
last observation, as well as the fact that, for this same patient,
the resting-state connectivity between the voice motor/sensory
brainstem nuclei and other brain ROI correlated with the
MeAF, support the hypothesis that promoting the restoration of
proprioceptive feedback enhances the neural recovery process.
These observations should be investigated in future research.
We have therefore provided a list of conditions in which we
believe that a similar observation at the level of the voice-related
nuclei in the brainstem could be expected. The qualitative results
obtained with our multiple-cases report provides further insight

frontiersin.org


https://doi.org/10.3389/fnins.2022.947390
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Dedry et al.

about the process at play in vocal recovery and pave the way for
more efficient treatments for patients dealing with UVEP.
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Even though vision is considered the best suited sensory modality to acquire
spatial information, blind individuals can form spatial representations to
navigate and orient themselves efficiently in space. Consequently, many
studies support the amodality hypothesis of spatial representations since
sensory modalities other than vision contribute to the formation of spatial
representations, independently of visual experience and imagery. However,
given the high variability in abilities and deficits observed in blind populations,
a clear consensus about the neural representations of space has yet to
be established. To this end, we performed a meta-analysis of the literature
on the neural correlates of spatial processing and navigation via sensory
modalities other than vision, like touch and audition, in individuals with early
and late onset blindness. An activation likelihood estimation (ALE) analysis of
the neuroimaging literature revealed that early blind individuals and sighted
controls activate the same neural networks in the processing of non-visual
spatial information and navigation, including the posterior parietal cortex,
frontal eye fields, insula, and the hippocampal complex. Furthermore, blind
individuals also recruit primary and associative occipital areas involved in
visuo-spatial processing via cross-modal plasticity mechanisms. The scarcity
of studies involving late blind individuals did not allow us to establish a
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clear consensus about the neural substrates of spatial representations in this
specific population. In conclusion, the results of our analysis on neuroimaging
studies involving early blind individuals support the amodality hypothesis of

spatial representations.

KEYWORDS

visual

impairments

and blindness, spatial navigation, spatial processing,

neuroplasticity, amodality, neuroimaging, MRI, meta-analysis

Introduction

Vision is the most adapted sense in humans for moving
around and wayfinding (Ekstrom, 2015) and the most
prominent spatio-cognitive sensory modality (Foulke, 1982).
It has been hypothesized that all spatial inputs are recoded
into visual representations in the brain (Pick, 1974; Lehnert
and Zimmer, 2008). Consequently, blindness is often associated
with an inability to move and orient oneself properly in space
(Ptito et al., 2021a). However, through orientation and mobility
(O&M) training, blind individuals learn to rely on other sensory
modalities such as audition (i.e., echolocation), olfaction, touch
and proprioception (Juurmaa and Suonio, 1975; Kupers et al.,
2010; Long and Giudice, 2010; Teng et al., 2012; Kolarik et al,,
2017) for resolving spatial tasks. Blind individuals also learn
adaptive orientation strategies and the use of navigation and
orientation aids, such as the long cane and tactile maps, which
extend their perception of the environment and allow them
to learn its layout (Long and Giudice, 2010; Chebat et al,
2018a, 2020a; Giudice, 2018; Ptito et al., 2021a). This training
thus allows safe and independent navigation for both early
blind (EB) and late blind (LB) individuals (Long and Giudice,
2010; Schinazi et al., 2016). In fact, EB, even without visual
experience, are able to form cognitive spatial representations (or
cognitive maps) of various environments (Passini and Proulx,
1988; Passini et al., 1990; Thinus-Blanc and Gaunet, 1997;
Fortin et al., 2006a; Connors et al., 2014; Chebat et al., 2018b;
Nelson et al., 2018) through a process known as spatial learning,
cognitive mapping or spatial knowledge acquisition (Schinazi
et al,, 2016; Chebat et al., 2020a). Hence, EB can integrate paths
(Loomis et al,, 1993, 2012), as well as encode and recognize
routes and locations (Passini and Proulx, 1988; Passini et al.,
1990; Thinus-Blanc and Gaunet, 1997; Fortin et al., 2006a).

Empirical data thus indicate that EB can represent space,
and that their deficit is purely perceptual, and not cognitive.
This conjecture is demonstrated by studies investigating the use
of sensory substitution devices (SSDs) which translate visual
information into other sensory modalities (i.e., vibrotactile or
auditory feedback). These studies showed that when given the
same amount of spatial information through SSDs, EB are able
to locate and avoid obstacles as efficiently as LB and blindfolded
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sighted controls (SC), sometimes outperforming them (Segond
et al, 2005; Auvray and Myin, 2009; Chebat et al., 2011;
Maidenbaum et al., 2014; Stoll et al., 2015; Bleau et al., 2021; Paré
et al,, 2021) or performing as well as SC using vision (Chebat
etal,, 2015, 2017). Furthermore, EB, and even LB, outperformed
blindfolded SC in various spatial tasks, such as non-visual path
integration (Loomis et al., 1993) and locating sound sources
on the horizontal plane (Voss et al., 2004; Doucet et al., 2005;
Gougoux et al., 2005; Collignon et al., 2011). However, other
studies suggests that EB exhibit impairments in auditory and
proprioceptive spatial perception (Cappagli et al., 2017) and
have deficits in many spatial tasks such as sound localization in
the vertical plane (Zwiers et al., 2001; Lewald, 2002), auditory
spatial bisection (Gori et al., 2014, 2020) and motion encoding
(Finocchietti et al., 2015). Furthermore, other studies showed
that even though EB can form and use spatial representations,
they fail to achieve the same level of proficiency than LB and
SC (Fortin et al., 2006b; Pasqualotto and Newell, 2007; Ruggiero
et al,, 2018, 2021). Hence, there is no consensus on the abilities
and deficits of blind individuals, as they seem to vary depending
on the chosen paradigms and testing conditions (Schinazi et al.,
2016; Giudice, 2018).

It is however clear that blindness is associated with complex
behavioral changes that vary with types of tasks, context, and
different personal and social factors such as age, blindness
onset, physical exercise and O&M training (Cappagli and Gori,
2016; Giudice, 2018; Rogge et al., 2021). The large variability
in behavioral performances may thus be attributable to the
wide range of adaptive strategies and abilities (e.g., Braille
reading, echolocation) used by blind individuals to compensate
for their lack of visual input. These life-long changes are
also accompanied by underlying changes at the neural level
(Merabet and Pascual-Leone, 2010; Kupers and Ptito, 2014).
Indeed, it is now well known that the brain of blind individuals
(EB and LB) undergoes important modifications both at the
anatomical and functional levels. Occipital visual areas are
cross-modally recruited by other sensory modalities through
various neuroplastic mechanisms (Harrar et al., 2018; Chebat
et al., 2020b; Ptito et al., 2021a). This cross-modal recruitment
enables the visual cortex to stay functional and leads to better
performances in non-visual tasks (Kupers and Ptito, 2014;
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Silva et al., 2018; Ptito et al., 2021a). However, this finding is
at odds with reports of significant atrophy in visual pathways
and occipital cortex (Shimony et al., 2006; Ptito et al., 2008b,
2021b; Wang et al, 2013; Jiang et al., 2015). Furthermore,
brain structures involved in navigation such as the posterior
hippocampus, the parahippocampal gyrus and the entorhinal
gyrus (Fyhn et al., 2007; Epstein et al., 2017), are reduced in EB,
and to a certain extent in LB (Chebat et al., 2007; Ptito et al,,
2008b; Modi et al., 2012; Ankeeta et al., 2021).

Studies conducted in blind individuals have led to the
concept of an amodal foundation of the neural representation of
space which has been conceptualized in the amodality hypothesis
(Loomis et al, 2013). This hypothesis suggests that spatial
representations can be formed through many different sensory
inputs, are encoded in a format that transcends specific sensory
modalities and are spatial in nature. According to this theory,
all subsequent spatial mental operations are independent from
their input modalities and from visual experience (Loomis
et al., 2012; Chebat et al., 2018a; Giudice, 2018; Harrar et al.,
2018). Thus, spatial deficits in the blind may not arise from
the loss of vision per se, but from the insufficient access to
spatial information due to the lack of non-visual alternatives
and the poor accessibility of the environment built by and for
the sighted. Consequently, cumulating and integrating spatial
information for spatial knowledge acquisition is a longer and
more cognitively demanding process that heavily depends on
the individual’s attentional resources and memory (Long and
Giudice, 2010; Giudice, 2018). This may lead to delays in the
development of spatial abilities in the blind who rely more
frequently on egocentric frames of reference (based on the
subject’s viewpoint) instead of allocentric ones (independent
from the individual’s perspective). Blind individuals therefore
often prefer route-based strategies rather than cognitive map-
based, or “survey knowledge,” strategies that are more prone to
error in this population (Passini and Proulx, 1988; Millar, 1994;
Thinus-Blanc and Gaunet, 1997; Ungar et al.,, 1997; Espinosa
et al., 1998; Pasqualotto and Proulx, 2012; Iachini et al.,, 2014;
Giudice, 2018; Ruggiero et al., 2021).

As highlighted in the previous paragraphs, there is still
no clear consensus regarding the nature of spatial processing
and its independence from visual experience and imagery
(Giudice, 2018). To the best of our knowledge, only two meta-
analyses investigated neural correlates of non-visual functions
in individuals with blindness (Ricciardi et al., 2014; Zhang
et al, 2019). These studies however mainly focused on the
cross-modal recruitment of the occipital cortex and not on
the functioning of the larger neural network underlying spatial
navigation in the absence of vision (Chebat et al., 2018a, 2020b).
Furthermore, results from LB were excluded. Therefore, it is
relevant and timely to conduct a meta-analysis specifically
on the neural correlates of non-visual spatial navigation and
orientation in both EB and LB. This type of analysis may help
to shed light on potential knowledge gaps and lead to new
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research directions in the field of O&M, visual rehabilitation and
restoration. The present study hence examines brain activations
patterns in a large data set of spatio-cognitive paradigms
in EB, LB, and SC. The systematic literature search focuses
on paradigms investigating cognitive processes involved in
(1) the processing of spatial information through tactile and
auditory modalities; and (2) spatial navigation and orientation
in the absence of vision. Activation likelihood estimation (ALE)
analyses were performed to investigate general agreements
across the selected neuroimaging studies. Results identified
shared activations in frontoparietal networks involved in
visuospatial attention, and recruitment of navigation networks
(e.g., hippocampus, parahippocampus, and other areas of the
visual dorsal stream) in EB, as compared to LB and SC. Current
data thus support the view that spatial representations in these
networks are indeed independent from the input modality.

Methods

The literature search conducted in the present study as
well as the screening and selection process followed the
Preferred reporting items for systematic reviews and meta-
analyses (PRISMA) guidelines (Moher et al, 2009). We
systematically searched seven databases: PubMed (NCBI),
PsycINFO (EBSCO), MEDLINE (NLM), Global Health (PSI),
Embase (Elsevier), ERIC (IES), and Web of Science (Clarivate
Analytics), to identify neuroimaging studies that investigated
spatial navigation or spatial processing in individuals with
total blindness, and that were published between January 1990
and January 2022. Since spatial navigation tasks generally
integrate different spatial and decision-making tasks, data in the
selected articles were extracted and divided into two categories:
(1) Non-visual Spatial Processing (tasks generally involving
one specific type of spatial computing) and (2) Non-visual
Spatial Navigation (tasks involving higher order processes,
i.e., navigating, recognizing routes or important features used
during wayfinding). Following this classification, ALE meta-
analyses were performed to identify the neural correlates in EB,
LB and SC for these two categories. Contrast and conjunction
meta-analyses were also conducted to identify the neural
correlates that are common, or different, across the three groups.
In the context of this paper, we defined EB as individuals who
either were born blind or acquired blindness early in life (<1
year of age), whereas individuals who acquired blindness later
in life were considered as LB.

Literature search
The population of interest was defined as adult (>18 years

of age) individuals with total blindness resulting from
peripheral (eye or optic nerve) pathologies, or damages, without
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neurological disorders or psychiatric illness. The topic of interest
was related to the neural substrates of spatial processing,
spatial navigation, and orientation, using sensory information
other than vision (i.e., tactile and auditory). In the meta-
analysis, we considered neuroimaging studies published before
January 2022, and written in English. Thereupon, a broad
list of keywords relating to “spatial navigation” or “spatial
processing” and “neural correlates” and “blindness” was then
developed to collect relevant articles (Supplementary Table 1).
In addition, through snowballing (Jalali and Wohlin, 2012),
reference lists of the most relevant empirical articles and
reviews were also screened to identify any other eligible articles.
All identified sources were imported into End-Note v.9.3.3
(Clarivate Analytics, PA, USA) and exported into Covidence
(Veritas Health Innovation, Melbourne, Australia), a screening
software for the conduction of systematic reviews. All duplicates
were then automatically removed, and a two-stage screening
process was conducted: (1) title and abstract screening; and (2)
full-text screening. This procedure allowed for the identification
of eligible articles based on the inclusion criteria and post hoc
exclusion criteria (Table 1). During title and abstract screening,
only articles including blind participants, investigating spatial
navigation or spatial sensory processing, and employing task-
based fMRI or PET techniques were withheld. During the full-
text screening process, we followed guidelines for conducting
meta-analysis (Miiller et al., 2018) and only accepted papers that
(1) reported activation coordinates in standardized Talairach
space (Talairach and Tournoux, 1988) or Montreal Neurological
Institute (MNI) space (Collins et al., 1994); (2) conducted
within-group based contrasts; (3) performed whole-brain
analyses; (4) used an univariate approach to reveal localized
increased activations; and (5) included a minimum of three
participants per group in the final analyses. The final criterion
was modified due to recruitment challenges often encountered
when working with blind populations (see “Study limitations
and considerations for future research” section).

Ultimately, 31 studies were included in the meta-analysis
that were grouped into two categories: (1) spatial processing (21
studies), including articles with spatial tasks (i.e., localization,

TABLE 1 Inclusion and exclusion criteria.

Inclusion criteria

10.3389/fnins.2022.1010354

spatial attention, spatial working memory), that required the
processing of non-visual sensory stimuli (of these, 13 studies
investigated the auditory modality and seven, the tactile
modality, while only one investigated both); and (2) spatial
navigation (9 studies), including articles with spatial navigation
tasks in a given environment or spatial tasks that required the
processing of important information used by individuals with
blindness during navigation and spatial learning (i.e., spatial
language, landmarks or spatially significant textures).

Figure 1 illustrates the literature search process and the
classification of the included papers.

Data from every included article was extracted and
organized based on authors names, year of publication,
characteristics of participants, neuroimaging methodology
(fMRI or PET), contrasts of interest (only those reflecting spatial
processes), coordinates space (MNI or Talairach), number of
activation foci identified for the performed contrasts, and
significant finding related to the aim of the present study.
Table 2 presents a detailed overlook of the 31 studies included
in the meta-analysis, including to which category dataset articles
belonged and the functional domain of the task (in other words,
the nature of the task or of the investigated spatial process).
Since four out of 31 studies (Gougoux et al., 2005; Voss et al,,
2006, 2008, 2011) performed the same experiments in three
independent samples (EB, LB, and SC), included articles may
feature potential overlaps of subject samples. Information about
sources that were not included in the meta-analysis is provided
in Supplementary Table 2.

Datasets associated with non-visual
spatial processing and navigation

The meta-analysis included a total of 263 EB, 50 LB and
232 SC, from 30, 9 and 26 studies, respectively. Reported
coordinates of foci from all 31 included studies were extracted
into seven datasets. For experiments in the spatial processing
category, two datasets were constructed: “EB Spatial Processing”
(20 contrasts, 461 foci; 183 subjects) and “SC Spatial Processing”

Exclusion criteria

e Studies on non-visual spatial navigation or spatial sensory processing.
e Studies involving individuals with total blindness (bilateral & peripheral).
e Neuroimaging methods of interest: only fMRI and PET.

According to Participants, Concept and Context

e Presence of concomitant neurological disorders or psychiatric illnesses.

e Spatial tasks not relevant to spatial navigation or with no sufficient control
(i.e., imagery with no sensory stimuli/task, etc.).

According to Meta-analysis guidelines

e MNI or Talairach coordinates not reported.

o No univariate analysis (i.e., multivoxel analysis, machine learning, functional
connectivity).

e No “within group”- based contrasts.

e Region of Interest (ROI) instead of whole brain analysis.

e Less than three participants per group.
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(15 contrasts, 237 foci; 157 subjects). For the spatial navigation
category, two datasets were constructed: “EB Spatial Navigation”
(11 contrasts, 157 foci; 80 subjects) and “SC Spatial Navigation”
(8 contrasts, 93 foci; 75 subjects). Furthermore, three datasets
combining both spatial processing and navigation were formed:
“EB Spatial Processing + Spatial Navigation” (31 contrasts, 618
foci; 263 subjects); “SC Spatial Processing + Spatial Navigation”
(23 contrasts, 330 foci; 232 subjects); and “LB Spatial
Processing + Spatial Navigation.” Since only a limited number
of studies involved LB, the “LB Spatial Processing + Spatial
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Navigation” dataset only included 6 contrasts (78 foci; 50
subjects) which is well below guidelines criteria (Miiller
et al,, 2018). Therefore, a meta-analysis specific to LB is still
unachievable as of the current literature. In constructing these
datasets, clusters with positive activations were included, while
deactivation clusters were excluded. Different contrasts obtained
from the same sample within the same article and/or across
multiple articles (Gougoux et al., 2005; Voss et al., 2006, 2008,
2011) were pooled into one experiment to avoid counting a
single experiment multiple time (Miiller et al., 2018).
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TABLE 2 Overview of included studies.

REFERENCES FUNCTIONAL METHOD N SUBJECTS TASK CONTRASTS FOCIEB FOCILB FOCISC MAIN FINDINGS
DOMAIN
SPATIAL NAVIGATION
Dodsworth, 2019* Active echolocation fMRI 5 Blind (4 EB, 1 Active echolocation for 30 - 19 During echolocation-based navigation, expert
LB), 8 SC navigation, with echoes > No echolocators recruited parts of the occipital cortex
echoes; Route > Scrambled (MOG, cuneus, precuneus) and small area in the
route parahippocampus.
Fiehler et al., 2015 Active echolocation fMRI 6 EB, 3 SC [expert or novice] Active 6 - 9 Path direction discrimination via echoes recruited
echolocation for path direction, premotor cortex, SPL, IPL and IFC in all groups. EB
with echoes > No echoes additionally recruited parts of the occipital cortex.
Gagnon et al., 2012 Tactile maze fMRI 11 EB, 14 SC Maze learning > Rest 16 - 5 EB activated the right hippocampus and
learning parahippocampus, occipital cortex and fusiform gyrus.
Those activations increased across three runs.
Halko et al., 2014 Virtual navigation fMRI 9EB Virtual navigation > Motor 14 - - Right TPJ activation during planning and execution of
control; Planning the task, which correlated with performance and
period > Motor control subjective independence level in daily travels.
Heetal, 2013 Landmark objects fMRI 16 EB, 17 SC Large non-manipulable 5 - 5 EB and SC activate PPA, RSC and left TOS in both visual
objects > tools & animals (pictures of objects and scenes) and auditory (language)
modalities.
Kupers et al., 2010 SSD & route fMRI 10 EB, 10 SC Route recognition > Scrambled 30 - 20 Like SC (full Vision), EB activated areas in the visual
recognition route cortex (I0G, SOG, MOG, cuneus and fusiform gyrus),
right parahippocampus, superior and inferior PPC,
precuneus, anterior cingulate cortex, anterior insula,
dorsolateral PFC, and cerebellum.
Milne et al., 2015 Active echolocation fMRI 6 EB, 3SC [expert or novice] Active 20 - 6 EB expert echolocators activated calcarine sulcus during
echolocation, with material echolocation and parahippocampal cortex
echoes > No echoes (parahippocampal gyrus, fusiform gyrus, and anterior
CoS) to identify surface material through echoes. No
parahippocampal, nor occipital responses were found in
EB novice echolocators and SC.
Struiksma et al., 2011 Spatial language fMRI 13EB,13SC  Spatial > Non-spatial sentences 24 - 24 EB activated left SMG, left MOG and right cuneus when
spatial sentences were presented
Wolbers et al., 2011* Spatial layout fMRI 4EB,3LB,7SC  Spatial Layout > Non-spatial 12 12 5 For spatial layouts, EB activated PPA, RSC,
object parieto-occipital sulcus, SPL area 7p and middle frontal
gyrus. Compared to SC, EB had stronger activation of
occipital and middle temporal areas.
SPATIAL PROCESSING
Anurova et al., 2015 Auditory fMRI 12 EB, 12 SC Auditory identification and 25 - 13 In the auditory localization task, EB displayed higher
localization localization > Detection (compared to SC) activations in regions of the occipital
cortex, in the bilateral SPL, and in the left middle frontal
gyrus and sulcus.
Bedny et al., 2010 Auditory motion fMRI 10 EB, 5LB, 21 SC High motion + low 3 0 9 hMT/hMST response only found in EB.
processing motion > Rest
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TABLE 2 (Continued)

REFERENCES FUNCTIONAL METHOD N SUBJECTS TASK CONTRASTS FOCIEB FOCILB FOCISC MAIN FINDINGS
DOMAIN
Bonino et al., 2008 Tactile spatial fMRI 4EB Tactile recognition and spatial 76 - EB activate (pre)frontal (premotor, SMA, PFC) and
working memory memory maintenance > Rest parietal cortical (SPL, precuneus, IPS) areas, as well as
lateral occipital cortex and cerebellum.

Bonino et al,, 2015 Tactile angle fMRI 9EB,10SC  Angle discrimination > Control 3 9 EB and SC recruited PPC, intraparietal regions, middle

discrimination frontal and premotor areas. EB also recruited
ventro-temporal, temporo-occipital and dorsal occipital
regions. These activations were correlated to behavioral
performance.

Chan etal., 2012 Auditory fMRI 11 EB, 14 SC Distance 18 16 After training, EB increasingly activated R-inferior
localization estimation > Detection parietal cortex, L-hippocampus, R-cuneus, whereas no

difference was found for SC in pre vs post-training.

Collignon et al., 2011 Auditory fMRI 11 EB, 11 SC Spatial judgment > Pitch 36 14 Spatial judgments involved the dorsal network (IPL,
localization judgment SPL, middle occipito-temporal gyrus, etc.). EB showed

higher activations in occipital regions known for
visuospatial processing (cuneus, MOG, lingual gyrus).

Dormal et al., 2016 Auditory motion fMRI 16 EB, 15 SC Motion perception > Static 9 10 Auditory motion activated fronto-temporo-parietal
processing network in both groups; only EB activated occipital

areas (bilateral MOG and SOG), including areas
hMT + /V5 and V3A.

Gougoux et al., 2005 Auditory PET 12EB,7 SC [Superior or Normal] Binaural 36 24 Both groups activated inferior parietal cortex. Occipital
localization and Monaural Sound activations (striate and ventral extrastriate cortex) only

Localization > Control in EB with superior sound localization. More extensive
frontal activations for monaural localization.

Matteau et al., 2010 Tactile motion fMRI 8EB,9SC Motion perception > Rest 24 17 hMT +, parietal (IPL, SPL) and frontal activations in EB
processing and SC. EB also recruited right occipital cortex (BA 19).

Park et al., 2011 Auditory spatial fMRI 10 EB, 10 SC 2-back Working Memory of 11 7 Both groups activated prefrontal and parietal regions,

working memory Location > 0-back Detection and cerebellum. Fusiform gyrus and visual occipital
areas (MOG, lingual gyrus, cuneus) showed increased
functional connectivity with frontoparietal regions and
default mode network in both groups.

Ptito and Kupers, 2005 SSD & tactile PET 6 EB,5SC Pattern Orientation 19 18 After training with TDU, only EB activated occipital
orientation Detection > Random dots (no (cuneus, inferior, medial and lateral occipital cortex),
processing pattern) occipito-parietal (dorsal IPS) and occipito-temporal

(fusiform gyrus) areas. EB and SC activated frontal (IFG,
SFG, MedFG, Insula) and parietal (anterior IPS) areas.

Ptito et al., 2009 Tactile motion PET 7 EB, 6 SC Motion Discrimination > Rest 10 10 EB recruited hMT, V1 (cuneus), V3 (MOG), IPS. EB and
processing SC activated frontal areas (MFG, MedFG), SMG and

cerebellum. SC activated PCG and insula.

Renier et al., 2010 Auditory and tactile fMRI 12EB,12SC  Localization > Identification or 26 17 R-MOG activity during auditory and tactile spatial
localization Detection processing in EB; this activity was correlated with

localization performance. R-MOG deactivation in
blindfolded SC.
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TABLE 2 (Continued)

REFERENCES FUNCTIONAL METHOD N SUBJECTS TASK CONTRASTS FOCIEB FOCILB FOCISC MAIN FINDINGS
DOMAIN
Ricciardi et al., 2007 Tactile motion fMRI 4EB,7SC Motion Stimuli > Static Stimuli 38 - 25 EB and SC activated hMT +, parietal (IPS), and ventral
processing and inferior temporal regions. Only EB activated
motion-responsive areas V3A and V7.
Stilla et al., 2008 Tactile spatial fMRI 5EB,5LB Tactile microspatial 41 20 - Somatosensory, posterior and ventral IPS, frontal (FEE,
processing discrimination > Tactile PMv) and occipital (IOS, LOC, fusiform gyrus) areas
temporal discrimination were spatially responsive in both EB and LB.
Striem-Amit et al., 2012 SSD & spatial fMRI 11 EB,9 SC Location > Shape 14 - 15 In both EB and SC, the location task activated parts of
representations the dorsal stream, including the precuneus. Only EB
activated occipital visual areas, including V1.
Tao et al., 2015 Auditory fMRI 15EB, 17 LB Localization > differentiation 11 4 - EB more strongly activate occipital areas (R-MOG),
localization while LB more strongly activated prefrontal areas
involved in visuospatial working memory.
Tao et al., 2017 Auditory fMRI 11 EB, 131LB Localization > discrimination 7 7 - After sound localization training, precuneus activation
localization decreased in EB and increased in LB. In LB, visuospatial
working memory capacities were linked to a
precuneus-lingual gyrus network and enhanced learning
of sound localization. The precuneus seems important
to learn sound localization, independently from visual
experience.
Voss et al., 2006 Auditory PET 6LB,7SC Binaural and monaural sound - 7 0 LB did not demonstrate enhanced performances
localization localization > Control compared to SC, but showed occipital activations (in
MOG, SOG, and lingual gyrus) during sound
localization tasks. These activations were mostly in the
right hemisphere during binaural localization but
extended bilaterally in monaural localization.
SC showed occipital deactivations. Parietal and frontal
activations were also present.
Voss et al., 2008 Auditory PET 12EB,6LB,7SC  Binaural and monaural sound 19 16 7 EB, but not LB, activated occipital visual areas. LB
localization localization > Control activated right medial and lateral occipitotemporal
cortex.
Voss et al., 2011 Auditory PET 12 EB,6 LB, 7 SC [Supperior or normal] 15 19 14 Occipital activations (cuneus, lingual gyrus, IOG) in all
localization Monaural sound localization groups but stronger in EB and LB. Activations in left
with spectral cues > Control lingual gyrus, left precentral sulcus and inferior frontal
cortex boundary correlated with performance.
Weeks et al., 2000 Auditory PET 9EB,9SC Localization > Rest 17 - 12 EB activated occipital cortex (parieto-occipital, dorsal,
localization ventral). Both EB and SC activated IPL. Correlations

between right IPL, temporal and occipital cortex
(parieto-occipital, ventral, dorsal and peristriate)
activations in EB.

*Studies that included a blind group with mixed EB and LB participants. CoS, collateral sulcus; FEF, frontal eye fields; IFC, Inferior frontal cortex; IOG, inferior occipital gyrus; I0S, intra-occipital sulcus; IPL, inferior parietal lobule; IPS, intraparietal
sulcus; LOC, lateral occipital cortex; MedFG, medial frontal gyrus; MFG, middle frontal gyrus; MOG, middle occipital gyrus; hMST, human medial superior temporal area; hMT, human middle temporal area; MTG, middle temporal Gyrus; PFC, prefrontal
cortex; PMy, ventral premotor cortex; PPA, parahipocampal place area; ROI, region of interest; RSC, retrosplenial complex; SMA, supplementary motor area; SMG, supramarginal gyrus; SOG, superior occipital gyrus; SSD, sensory substitution device;

TDU, tongue display unit; TOS, transverse occipital sulcus; TP], temporal parietal junction.
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Meta-analysis

We used the GingerALE software (version 3.0)! to perform
the meta-analysis. First, we converted foci from Talairach
coordinates into MNI space. Then, three types of meta-analysis
were conducted to determine the neural correlates of non-
visual spatial navigation and spatial processing. Single meta-
analyses (Eickhoff et al., 2012) were conducted on each dataset
independently, to discover convergent clusters across tasks
and participants. Contrast meta-analyses (Eickhoff et al., 2011)
were conducted to detect clusters with significantly stronger
activations (BOLD signal) in one group compared to the other.
Contrast meta-analyses were performed to determine group
differences in brain activations. The contrasts of interest were
EB > SC, SC > EB. Conjunction meta-analyses (Eickhoff et al.,
2011) were conducted to detect overlapping activated brain
regions between groups. The specific investigated conjunctions
were EBNSC.

Statistical analysis

For the single meta-analyses, an ALE value was calculated
for each voxel, using cluster-level family-wise error (FWE)
correction (Eickhoff et al., 2016) to correct for multiple
comparisons. The meta-analyses were performed with a
cluster-level FWE correction set at p < 0.05 (Miiller et al,
2018), a threshold for forming clusters at p < 0.001 and
5,000 permutations. Additional exploratory meta-analyses were
conducted for datasets that did not respect criteria of number
of experiments (Miiller et al., 2018): “EB Spatial Navigation”
and “SC Spatial Navigation.” For these analyses, the threshold
for forming clusters was set at p < 0.01. Thus, it is important
to state that results from these exploratory analyses with
less conservatory thresholds constitute preliminary data that
should be more thoroughly investigated in future studies. As
for the contrasts meta-analyses, they were performed with
a significance level set at p < 0.01 and 1,000 permutations
(Eickhoff et al., 2011). Finally, the conjunction meta-analyses,
detecting the overlap between two ALE maps, were performed
with a significance level set at p < 0.01 and 1,000 permutations
(Eickhoff et al., 2011). The obtained results were overlaid on
the Colin_27_T1_seg MNI template (see text footnote 2) using
Mango.? Reported coordinates are in MNI space.

Results

Results obtained from the performed meta-analyses report
the neural correlates of spatial navigation and spatial processing

1 http://brainmap.org/ale/
2 http://rii.uthscsa.edu/mango
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in 31 neuroimaging studies, spanning more than 20 years of
research. As mentioned above, as spatial navigation tasks usually
integrate spatial and decision-making tasks, we separated spatial
processing and spatial navigation analyses and presented them
individually. However, due to the limited number of studies
investigating spatial navigation, we performed an additional
“Spatial Processing + Spatial Navigation” analysis, combining
spatial processing and spatial navigation studies, which revealed
extra clusters when compared to the “Spatial Processing” meta-
analysis.

Spatial processing analysis

The spatial processing analysis included many spatial tasks
such as sound localization, motion processing, auditory distance
judgments, and auditory spatial working memory. Detailed
information of all clusters is shown in Table 3 and Figure 2.

Single meta-analyses

The ALE analysis revealed eight significant clusters in
EB that were located in parietal, (pre)frontal, temporal,
and occipital gyri. Parietal clusters included the precuneus,
superior parietal lobule (SPL), inferior parietal lobule (IPL),
supramarginal gyrus (SMG). Clusters in the (pre)frontal lobe
included the precentral gyrus (PCG), middle frontal gyrus
(MFQG), right medial frontal gyrus (MedFG), superior frontal
gyrus (SFG) and anterior cingulate cortex (ACC). Temporal
clusters included the middle and inferior temporal gyri (MTG
and ITG). Occipital clusters included the cuneus, and right
middle and inferior occipital gyri (MOG and IOG). The ALE
analysis revealed seven clusters in SC, located in parietal and
(pre)frontal lobes, as well as in sub-lobar structures. Parietal
clusters included the IPL, SMG, and left SPL. Clusters in the
(pre)frontal lobe included the PCG, MFG, right inferior frontal
gyrus (IFG), and right SFG. Sub-lobar clusters included the
insula and claustrum. As stated previously, given the paucity
of studies strictly dealing with LB populations, no datasets were
possible in this category.

Contrast and conjunction meta-analyses

Contrast meta-analyses revealed that EB recruited a larger
network than SC. These included the precuneus, cuneus,
MOG, IOG, MTG, and ITG. The conjunction analysis
revealed shared activations in EB and SC in precuneus, IPL,
SMG, MFG and PCG.

Exploratory spatial navigation analysis
The spatial navigation exploratory analysis included tasks

such as route recognition, maze learning, and discrimination of
spatial layouts and landmark objects/features through various
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TABLE 3 Brain clusters obtained from the activation likelihood estimation (ALE) meta-analysis for spatial processing and contributing studies.

# Cluster  Brain regions Brodmann areas Cluster Cluster size ~ Max ALE or Contributing studies
(% of cluster (% of cluster center (MNI (mm?) Z value
volume) volume) X,Y>Z)
EB
1 Precuneus (69%), 7 (62%), 19 (36%), 18 (20,-73,47) 3,608 0.0203 Weeks et al., 2000; Gougoux et al.,
Cuneus (28%), SPL (2%) 2005; Ptito and Kupers, 2005; Stilla
(3%) et al., 2008; Voss et al., 2008; Renier
et al., 2010; Collignon et al., 2011;
Voss et al., 2011; Anurova et al., 2015;
Tao et al.,, 2015
2 SPL (52%), 7 (93%), 40 (7%) (33, -47,48) 2,960 0.0197 Weeks et al., 2000; Gougoux et al.,
Precuneus (42%), 2005; Stilla et al., 2008; Voss et al.,
IPL (4%) 2008; Matteau et al., 2010; Renier
et al,, 2010; Collignon et al., 2011;
Voss et al., 2011; Bonino et al., 2015;
Dormal et al., 2016
3 IPL (54%), SPL 40 (65%), 7 (35%) (=35, -44,49) 2,096 0.0213 Weeks et al., 2000; Matteau et al.,
(24%), SMG (11%), 2010; Renier et al., 2010; Collignon
Precuneus (11%) etal., 2011; Park et al., 2011; Anurova
etal., 2015; Tao et al., 2015; Dormal
etal, 2016
4 PCG (58%), MFG 6 (100%) (34, -4,53) 1,920 0.0185 Gougoux et al., 2005; Ricciardi et al.,
(42%) 2007; Stilla et al., 2008; Voss et al.,
2008; Renier et al., 2010; Collignon
etal., 2011; Voss et al., 2011;
Striem-Amit et al., 2012; Anurova
etal., 2015; Tao et al., 2015
5 MEG (71%), PCG 6 (98%), 4 (1%) (~25, -6,56) 1,808 0.0226 Stilla et al., 2008; Matteau et al., 2010;
(22%), Sub-gyral Renier et al., 2010; Collignon et al.,
(7%) 2011; Anurova et al., 2015; Tao et al.,
2015
6 Precuneus (78%), 7 (86%), 19 (14%) (-15, -74,46) 1,576 0.0163 Weeks et al., 2000; Ptito and Kupers,
Cuneus (22%) 2005; Ricciardi et al., 2007; Stilla et al.,
2008; Renier et al., 2010; Chan et al.,
2012; Tao et al., 2015
7 ITG (30%), IOG 19 (45%), 37 (40%) (49, -68, -2) 1,424 0.0146 Gougoux et al., 2005; Bonino et al.,
(25%), MTG (25%), 2008; Voss et al., 2008; Ptito et al.,
MOG (21%), 2009; Renier et al., 2010; Voss et al.,
2011; Anurova et al., 2015; Dormal
etal, 2016
8 MedFG (51%), 6 (54%), 32 (21%), 24 (7,12,48) 4,136 0.0184 Ricciardi et al., 2007; Stilla et al., 2008;
Cingulate Gyrus (19%), 8 (5%) Matteau et al., 2010; Renier et al.,
(25%), SFG (24%), 2010; Anurova et al., 2015; Tao et al.,
2015
SC
1 IPL (88%), SMG 40 (100%) (44, -42,38) 2,208 0.0156 Weeks et al., 2000; Ptito et al., 2009;
(9%), Sub-Gyral Matteau et al., 2010; Renier et al.,
(3%) 2010; Collignon et al., 2011; Chan
etal,, 2012; Anurova et al., 2015;
Dormal et al., 2016
2 Insula (67%), 13 (74%), 47 (1%), 45 (36,22,4) 2,080 0.0248 Ptito et al., 2005; Gougoux et al., 2005;
Claustrum (24%), (1%) Voss et al., 2008; Ptito et al., 2009;
1IFG (9%) Bedny et al.,, 2010; Matteau et al.,
2010; Renier et al., 2010; Voss et al.,
2011; Anurova et al., 2015
2 MEG (53%), PCG 6 (100%) (32,1,58) 2,064 0.0221 Gougoux et al., 2005; Ricciardi et al.,

(25%), Sub-Gyral
(18%), SFG (5%)

2007; Voss et al., 2008; Ptito et al.,
2009; Renier et al., 2010; Collignon
etal,, 2011; Park et al., 2011; Voss
etal,, 2011; Dormal et al., 2016
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TABLE 3 (Continued)
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# Cluster  Brain regions Brodmann areas Cluster Cluster size ~ Max ALE or Contributing studies
(% of cluster (% of cluster center (MNI (mm?3) Z value
volume) volume) X,¥,2)
4 Insula (64%), 13 (64%) (-32,21,5) 1,600 0.0238 Gougoux et al., 2005; Ptito et al., 2005;
Claustrum (36%) Voss et al., 2008; Bedny et al., 20105
Matteau et al., 2010; Renier et al.,
2010; Voss et al., 2011; Anurova et al.,
2015
5 1FG (57%), MFG 9 (90%), 6 (9%), 8 (1%) (57,15,30) 1,520 0.0148 Gougoux et al., 2005; Ricciardi et al.,
(34%), PCG (9%) 2007; Voss et al., 2008; Bedny et al.,
2010; Voss et al., 2011; Chan et al.,
2012; Bonino et al., 2015; Dormal
etal, 2016
6 IPL (83%), SMG 40 (98%), 7 (2%) (-37, -47,46) 1,368 0.0159 Gougoux et al., 2005; Voss et al., 2008;
(15%), SPL (2%) Renier et al., 2010; Park et al., 2011;
Voss et al., 2011; Dormal et al., 2016
7 PCG (62%), MFG 6 (88%), 4 (12%) (-30, -8,53) 1,072 0.0168 Matteau et al., 2010; Collignon et al.,
(38%) 2011; Anurova et al., 2015; Dormal
etal, 2016
EB > SC
1 ITG (30%), I0G 19 (45%), 37 (40%) (50, -69, -3) 1,256 3297 Gougoux et al., 2005; Bonino et al.,
(25%), MTG (25%), 2008; Voss et al., 2008; Ptito et al.,
MOG (20%) 2009; Renier et al., 2010; Voss et al.,
2011; Anurova et al., 2015
2 Precuneus (58%), 19 (61%), 7 (32%), 18 (21, -80,44) 1,024 3297 Ptito et al., 2005); Renier et al., 2010
Cuneus (42%) (7%)
3 Precuneus (97%), 7 (89%), 19 (11%) (-14, -76,46) 648 3297 Ptito et al., 2005; Tao et al., 2015
Cuneus (3%)
SC > EB
NA
EBNSC
1 MFG (53%), PCG 6 (97%), 4 (3%) (=29, -8,53) 736 0.0159 Matteau et al., 2010; Renier et al.,
(47%) 2010; Collignon et al., 2011; Dormal
etal, 2016
2 IPL (83%), SMG 40 (98%), 7 (2%) (37, -45,47) 688 0.0142 Weeks et al., 2000; Renier et al., 2010;
(15%), SPL (2%) Collignon et al., 2011; Dormal et al.,
2016
3 PCG (58%), MFG 6 (100%) (33,-3,54) 488 0.014 Ptito et al,, 2009; Renier et al., 2010;
(42%) Collignon et al., 2011
4 Precuneus 7 (35, -41,44) 456 0.013 Matteau et al., 2010; Collignon et al.,

2011; Dormal et al., 2016

MFG, middle frontal gyrus; MedFG, medial frontal gyrus; MOG, middle occipital gyrus; MTG, middle temporal gyrus; IFG, inferior frontal gyrus; IOG, inferior occipital gyrus; IPL,
inferior parietal lobule; ITG, inferior temporal gyrus; SFG, superior frontal gyrus; SMG, supramarginal gyrus; SPL, superior parietal lobule.

means such as SSDs, echolocation, and tactile exploration.
Detailed information about all clusters can be found in Table 4
and Figure 3.

Single meta-analyses

The ALE analysis revealed six clusters in EB located in
the parietal, occipital, and temporal cortices in the right
hemisphere. Parietal clusters included the precuneus and SPL.
Occipital clusters included the cuneus, MOG, IOG and lingual
gyrus. The temporal cluster included the fusiform gyrus and
parahippocampal gyrus (PHIP) and extended to a portion of the
hippocampus (HIP). The ALE analysis revealed three significant
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clusters of activation in the right hemisphere in SC. The first
cluster included the SPL and IPL; the second, the precuneus
and cuneus; and the third, the insula, claustrum and IFG. No

LB datasets were possible in this category.

Contrast and conjunction meta-analyses

Given the small number of studies in the spatial navigation
datasets, the contrast analysis revealed no significant clusters
that were more activated in either EB or SC. The conjunction
meta-analysis identified one small (144 mm?®) cluster in the

precuneus that was commonly activated by EB and SC.
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FIGURE 2
Brain areas activated by spatial processing in EB and SC and results of contrast and conjunction analyses. (Left) 3D renders of the brain and
activation clusters (see Table 4 for reference). (Right) Axial cuts of the brain with identified clusters of activation. The number below the slices
refer to the z coordinate in MNI space. ALE (for single and conjunction meta-analyses) and Z values (for contrast meta-analyses) are displayed
to the right. The ALE values, calculated for each voxel, represent the probability of activation across included studies (Turkeltaub et al., 2012). For
the contrast analysis, Z-values show the significance of ALE subtractions between two groups. More details regarding the ALE and Z values are
presented in Table 3. IOG, inferior occipital gyrus; IPL, inferior parietal lobule; ITG, inferior temporal gyrus; MedFG, medial frontal gyrus; MFG,
middle frontal gyrus; MTG, medial temporal gyrus; PCG, precentral gyrus; SFG, superior frontal gyrus; SMG, supramarginal gyrus; SPL, superior
parietal lobule.

Spatial processing + spatial navigation Contrast and conjunction meta-analyses
ana[yses Only one contrast meta-analysis (EB > SC) produced
significant results and revealed that EB recruited a larger
Here, we performed ALE analyses on spatial processing and network of brain structures than their SC counterparts. This
spatial navigation tasks combined. Detailed information about network included the precuneus, cuneus, MOG and lingual
all significant clusters can be found in Table 5 and Figure 4. gyrus. Conjunction meta-analyses revealed shared clusters
between EB and SC in SPL, IPL, insula, claustrum, MFG
Single meta-analyses and PCG. Clusters common to EB and LB were located

in the left MFG and PCG. There were no shared clusters

The ALE analysis revealed nine significant clusters in EB,
common for LB and SC.

located in parietal, (pre)frontral, and occipital lobes, as well
as sub-lobar structures. In the parietal lobe, clusters included
the precuneus, SPL, and IPL. Clusters in the (pre)frontal lobe
covered the MFG, PCG, right MedFG, right SFG, and right Qualitative review of neural activity in
ACC. Clusters in the occipital lobe included the cuneus, lingual late blind

gyrus, and right MOG. Clusters in sub-lobar structures included

the insula and claustrum. For SC, six clusters were found in the There was an insufficient number of studies to conduct
parietal and (pre)frontal lobes, and in sub-lobar structures. In a meta-analysis in LB. We therefore performed a qualitative
the parietal lobe, these included the IPL, SPL and SMG. Clusters analysis of the literature. The results show that LB had similar
in the (pre)frontal lobe included the IFG and right MFG, PCG, activity in parietal and (pre)frontal cortices (Stilla et al., 2008;
and SFG. Sub-lobar clusters included the insula and claustrum. Tao et al., 2015, 2017); however, there was a lack of consensus
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TABLE 4 Brain clusters obtained from the activation likelihood estimation (ALE) meta-analysis for spatial navigation and contributing studies.

# Cluster Brain regions (% Brodmann areas Cluster center Cluster size Max ALE Contributing studies
of cluster volume) (% of cluster (MNI x,y,z) (mm?) value
volume)
EB
* Cuneus (42%), Lingual 18 (52%), 17 (30%), 23 (19, -82,8) 5,992 0.0152 Kupers et al., 2010; Struiksma
Gyrus (36%), MOG (7%), 30 (4%) etal,, 2011; Gagnon et al,,
(19%), I0G (2%) 2012; Halko et al., 2014;
Milne et al., 2015;
Dodsworth, 2019
2 Precuneus (79%), SPL 7 (79%), 19 (21%) (18, -70,49) 4,728 0.0158 Kupers et al., 2010; Wolbers
(12%), Cuneus (9%) etal,, 2011; Gagnon et al,,
2012; Halko et al., 2014;
Fiehler et al., 2015
3% Parahippocampal Gyrus 37 (56%), 36 (33%), 20 (38,-43,-11) 2,600 0.0125 Kupers et al., 2010; Gagnon
(55%), Fusiform Gyrus (6%), 19 (5%) etal., 2012; He et al., 2013
(45%)
4 Precuneus (84%), SPL 7 (97%), 19 (3%) (18, -68,50) 1,880 0.0158 Kupers et al., 2010; Wolbers
(15%), Cuneus (2%) etal, 2011; Gagnon et al.,
2012; Halko et al., 2014;
Fiehler et al., 2015
5 Cuneus (52%), MOG 17 (55%), 18 (45%) (29, -85,9) 1,600 0.0151 Kupers et al., 2010; Gagnon
(45%), Lingual Gyrus et al., 2012; Dodsworth, 2019
(3%)
6 Lingual Gyrus (93%), 18 (96%) (1,-78,5) 928 0.0152 Kupers et al., 2010; Struiksma
Cuneus (7%) etal, 2011; Gagnon et al.,
2012
SC
1 IPL (58%), SPL (42%) 7 (55%), 40 (45%) (38, -55,50) 808 0.0108 Kupers et al., 2010; Struiksma
et al., 2011; Fiehler et al., 2015
2 Precuneus (87%), 7 (100%) (8,-71,43) 752 0.012 Kupers et al., 2010; Gagnon
Cuneus (13%) etal., 2012
3 Insula (58%), IFG (21%), 13 (52%), 47 (12%), 45 (35,25,-1) 744 0.0094 Kupers et al., 2010; Struiksma
Claustrum (21%) (9%) et al., 2011; Fiehler et al.,
2015; Dodsworth, 2019
EB > SC
NA
SC > EB
NA
EBNSC
1 Precuneus (100%) 7 (100%) (11,-71,42) 144 0.0091 Gagnon et al., 2012

*Thresholded at P < 0.01. IFG, inferior frontal gyrus; IOG, inferior occipital gyrus; IPL, inferior parietal lobule; MOG, middle occipital gyrus; SPL, superior parietal lobule.

on the presence and magnitude of occipital activation during
spatial tasks. On the one hand, occipital activation in EB and
LB were found during tactile drawing (Likova, 2012), tactile
microspatial discrimination (Stilla et al., 2008), and auditory
localization (Voss et al., 2006, 2011; Collignon et al., 2013).
Moreover, this activation often correlated with performance
(Collignon et al., 2013) or level of expertise in the task (Thaler
etal., 2011; Norman and Thaler, 2019). On the other hand, such
visual occipital activity was superior in EB (Collignon et al.,,
2013; Tao et al.,, 2015, 2017; Jiang et al., 2016) or was only present
in EB (Voss et al.,, 2008). In terms of spatial patterns of observed
activations, LB often showed activations of the lateral occipital
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cortex, MOG, lingual gyrus, and cuneus (Voss et al., 2006, 2011;
Stilla et al., 2008; Tao et al, 2017). LB also showed greater
reliance on the precuneus and other parietal and (pre)frontal
areas (Tao et al., 2015, 2017), in line with results obtained in SC.
In conclusion, consistent with the idea of cross-modal plasticity
being experience-driven (Ptito et al., 2021a), LB often show
activations that are intermediary between EB and SC patterns.

Discussion

In the present study, we used ALE meta-analyses to
identify brain regions commonly activated in neuroimaging
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IPL

50  spL

FIGURE 3

43 Precuneus

Brain areas activated by spatial navigation in EB and SC and results of conjunction analysis. (Left) 3D renders of the brain and activation clusters
(see Table 4 for reference). (Right) Axial cuts of the brain with identified clusters of activation. The number below the slices refer to the z
coordinate in MNI space. The ALE values, calculated for each voxel, represent the probability of activation across included studies (Turkeltaub
et al,, 2012) and are disclosed to the right. More details regarding the ALE values are presented in Table 4. FFG, fusiform gyrus; HIP,
hippocampus; IPL, inferior parietal lobule; LING, lingual gyrus; MOG, middle occipital gyrus; PHIP, parahippocampus.

0.007

ALE

42 0.002
Precuneus

studies of non-visual spatial processing and navigation in blind
and sighted individuals. Our analyses identified supramodal
brain areas that are activated by spatial tasks in both
EB and SC. In addition, we identified occipital brain
areas that are cross-modally recruited by blind individuals.
Due to the limited literature on LB (nine studies, six
contrasts), we could not identify the neural correlates of
spatial processing and spatial navigation in this population.
The next sections will thus strongly focus on findings in EB
and SC populations.

Neural correlates of non-visual spatial
processing

The ALE analysis revealed that non-visual

information processing via tactile and auditory modalities

spatial

activates a neural network that comprises dorsal frontal and
parietal regions in both hemispheres. This core network was
shown to be recruited in both SC and EB participants and
includes the SPL, IPL, MFG, MedFG, and pre-central gyrus.
A shared activation of the right insula in EB and SC was
also identified when navigation tasks were included in the
meta-analysis. Furthermore, the ALE analysis revealed that
EB individuals also activated the pre-SMA and cross-modally
recruited occipital areas during spatial tasks. These activations
are similar to those reported in previous meta-analyses in blind
(Zhang et al,, 2019) and sighted individuals (Parlatini et al.,
2017; Cona and Scarpazza, 2019). Indeed, Zhang et al. (2019)
also reported that blind participants consistently activated
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precuneus, SPL, IPL, MFG, pre-central gyrus, insula, cuneus
and other occipital areas along with extra parahippocampal
gyrus activations. Taken together, these meta-analyses indicate
that both blind and sighted participants recruit two interlinked
frontoparietal networks for performing spatial tasks, a dorsal
frontoparietal network, also known as the dorsal attention
network (DAN), and a ventral frontoparietal network.

The DAN includes the SPL, intraparietal sulcus (IPS), dorsal
premotor areas and frontal eye fields (FEF), an area located
around the intersection of the precentral gyrus and MFG
(Corbetta et al., 2008; Power et al., 2011; Vernet et al., 2014).
The DAN mediates both spatial attention and spatial working
memory and allows for the selection of sensory stimuli that
are not only salient, but also relevant to the individual’s goals
(top-down attention) in order to plan contextually appropriate
responses (Serences and Yantis, 2007; Corbetta et al., 2008;
Cona and Scarpazza, 2019). DAN regions are organized in
topographic maps corresponding to areas of the visual field
(Hagler and Sereno, 2006; Jerde and Curtis, 2013), most
specifically to a range of polar angles and eccentricities (Mackey
et al,, 2017). It is therefore theorized that the DAN serves to
implement internal spatial representations (i.e., priority maps
of space) and to allocate top-down attention toward them
(Cona and Scarpazza, 2019). Our meta-analysis suggests that
these internal spatial representations in DAN regions are not
necessarily organized according to the visual field but are in
fact amodal, and independent from visual experience. The most
commonly activated DAN regions in the ALE analysis were
the SPL and dorsal premotor areas including the FEF (Paus,
1996; Luna et al., 1998; Ioannides et al., 2004; Garg et al., 2007;
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TABLE 5 Brain clusters obtained from the activation likelihood estimation (ALE) meta-analysis for spatial processing + spatial navigation and
contributing studies.

# Cluster

Brain regions (%
of cluster volume)

Brodmann areas
(% of cluster
volume)

Cluster
center (MNI
X,Y,2)

Cluster size
(mm?)

Max ALE or
Z value

Contributing studies

EB

Precuneus (58%),
Cuneus (20%), SPL
(19%), IPL (3%)

MOG (73%), Cuneus
(27%)

Precuneus (70%),

Cuneus (31%)

IPL (61%), SPL (25%),
Precuneus (8%), SMG
(6%)

PCG (59%), MFG (40%)

MedFG (63%), Cingulate
Gyrus (19%), SFG (19%)

MFG (67%), PCG (26%),
Sub-Gyral (7%)

Lingual gyrus (72%),
Cuneus (28%)

7 (72%), 19 (22%), 40
(3%), 18 (2%), 31 (1%)

18 (55%), 17 (27%), 19
(19%)

7 (82%), 19 (15%), 18

(4%)

40 (64%), 7 (36%)

6 (100%)

6 (63%), 32 (24%), 24
(13%)

6 (97%), 4 (3%)

18 (46%), 17 (44%)

(25, -62,48)

(32, -84,9)

(-14, -74,47)

(35, -46,49)

(35, -3,52)

(7,12,49)

(-26, -6,56)

(-3,-86,7)

11,248

3,168

2,448

2,400

2,304

1,536

1,528

1,480

0.0319

0.0255

0.0213

0.0254

0.024

0.019

0.0227

0.0166

Weeks et al., 2000; Gougoux et al.,
2005; Ptito et al., 2005; Stilla et al.,
2008; Voss et al., 2008; Kupers
et al., 2010; Matteau et al., 2010;
Renier et al., 2010; Collignon
etal., 2011; Park et al., 2011;
Struiksma et al., 2011; Voss et al.,
2011; Wolbers et al., 2011;
Gagnon et al., 2012; Halko et al.,
2014; Anurova et al., 2015;
Bonino et al., 2015; Fiehler et al.,
2015; Tao et al., 2015; Dormal
etal, 2016

Weeks et al., 2000; Stilla et al.,
2008; Ptito et al., 2009; Kupers
et al., 2010; Matteau et al., 2010;
Gagnon et al., 2012; Anurova
et al., 2015; Dodsworth, 2019

Chan et al., 2012; Tao et al., 2015;
Weeks et al., 2000; Stilla et al.,
2008; Ptito et al., 2005; Ricciardi
et al., 2007; Kupers et al., 20105
Gagnon et al., 2012; Wolbers
etal., 2011

Weeks et al., 2000; Kupers et al.,
2010; Matteau et al., 2010; Renier
etal, 2010; Collignon et al,, 2011;
Park et al., 2011; Struiksma et al.,
2011; Anurova et al.,, 2015; Tao
etal., 2015; Dormal et al., 2016

Gougoux et al., 2005; Bonino
et al., 2008; Stilla et al., 2008; Voss
et al., 2008; Renier et al., 2010;
Collignon et al., 2011;
Striem-Amit et al., 2012;
Struiksma et al., 2011; Voss et al.,
2011; Anurova et al., 2015; Fiehler
etal., 2015; Tao et al., 2015;
Dormal et al.,, 2016

Ricciardi et al., 2007; Stilla et al.,
2008; Kupers et al., 2010; Renier
etal, 2010; Collignon et al,, 2011;
Park et al., 2011; Struiksma et al.,
2011; Anurova et al., 2015; Tao
etal., 2015

Stilla et al., 2008; Matteau et al.,
2010; Renier et al., 2010;
Collignon et al., 2011; Anurova
etal., 2015; Tao et al., 2015

Gougoux et al., 2005; Voss et al.,
2008; Ptito et al., 2009; Kupers
etal., 2010; Collignon et al,, 2011;
Struiksma et al., 2011; Voss et al.,
2011; Gagnon et al., 2012;
Anurova et al., 2015
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# Cluster  Brain regions (% Brodmann areas Cluster Cluster size ~ Max ALE or Contributing studies
of cluster volume) (% of cluster center (MNI (mm?3) Z value
volume) X,Y>Z)
9 Claustrum (59%), Insula 13 (41%) (34,20,5) 1,304 0.0242 Gougoux et al., 2005; Voss et al.,
(41%) 2008; Kupers et al., 2010; Matteau
et al., 2010; Renier et al., 2010;
Park et al., 2011; Struiksma et al.,
2011; Voss et al., 2011; Anurova
etal, 2015
sC
1 Insula (62%), Claustrum 13 (60%), 47 (7%), 45 (36,23,2) 3,000 0.033 Gougoux et al., 2005; Ptito et al.,
(22%), IFG (15%), (4%) 2005; Voss et al., 2008; Ptito et al.,
Extra-Nuclear (2%) 2009; Bedny et al., 2010; Kupers
et al., 2010; Matteau et al., 2010;
Renier et al., 2010; Struiksma
etal., 2011; Voss et al., 2011;
Anurova et al., 2015; Fiehler et al.,
2015; Dodsworth, 2019
2 IPL (79%), SPL (18%), 40 (78%), 7 (22%) (40, -47,47) 2,984 0.0174 Gougoux et al., 2005; Ptito et al.,
SMG (2%) 2005; Voss et al., 2008; Kupers
et al., 2010; Matteau et al., 2010;
Struiksma et al., 2011; Voss et al.,
2011; Chan et al., 2012; Anurova
et al., 2015; Fiehler et al., 2015;
Dormal et al., 2016
3 Insula (65%), Claustrum 13 (60%), 47 (5%) (-32,21,3) 2,400 0.0279 Ptito and Kupers, 2005; Gougoux
(29%), extra-nuclear et al., 2005; Voss et al., 2008;
(3%), IFG (2%) Matteau et al., 2010; Bedny et al.,
2010; Kupers et al., 2010; Renier
etal., 2010; Voss et al., 2011;
Struiksma et al., 2011; Anurova
et al., 2015; Dodsworth, 2019
4 MEG (55%), PCG (25%), 6 (100%) (32,0,57) 2,392 0.0233 Gougoux et al., 2005; Ricciardi
Sub-Gyral (16%), SEG et al., 2007; Voss et al., 2008; Ptito
(4%) et al., 2009; Renier et al., 2010;
Collignon et al., 2011; Park et al,,
2011; Struiksma et al., 2011; Voss
etal, 2011; Dormal et al., 2016
5 IPL (78%), SMG (18%), 40 (98%), 7 (2%) (=37, -47,46) 2,288 0.0232 Weeks et al., 2000; Gougoux et al.,
SPL (3%), Sub-Gyral 2005; Voss et al., 2008; Renier
(1%) etal., 2010; Kupers et al., 2010;
Park et al., 2011; Struiksma et al.,
2011; Voss et al., 2011; Fiehler
etal., 2015; Dormal et al., 2016
6 IFG (64%), MFG (31%), 9 (94%), 6 (6%) (57,17,29) 1,000 0.0148 Ricciardi et al., 2007; Bedny et al.,
PCG (6%), 2010; Chan et al., 2012; Bonino
et al., 2015; Dormal et al., 2016
EB > SC
1 MOG (83%), Cuneus 18 (62%), 19 (21%), 17 (33,-84,9) 3,008 3297 Weeks et al., 2000; Stilla et al.,
(18%) (18%) 2008; Ptito et al., 2009; Kupers
et al., 2010; Gagnon et al., 2012;
Anurova et al., 2015; Dodsworth,
2019
2 Cuneus (67%), 19 (53%), 7 (29%), 18 (21, -82,39) 1,416 3297 Renier et al.,, 2010; Collignon
Precuneus (33%) (12%), 31 (5%) etal., 2011; Wolbers et al., 2011;
Dormal et al., 2016
3 Precuneus 7 (20, -66,52) 224 2.657 Stilla et al., 2008; Renier et al.,

2010; Gagnon et al., 2012; Halko
etal., 2014
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# Cluster  Brain regions (% Brodmann areas Cluster Cluster size ~ Max ALE or Contributing studies
of cluster volume) (% of cluster center (MNI (mm?3) Z value
volume) X,¥,2)
SC > EB
NA
EBNSC
1 SPL (75%), IPL (25%) 7 (83%), 40 (17%) (36, -45,46) 1,504 0.0171 Kupers et al., 2010; Matteau et al.,
2010; Collignon et al., 2011;
Struiksma et al., 2011; Fiehler
etal., 2015; Dormal et al., 2016
2 IPL (85%), SMG (9%), 40 (96%), 7 (4%) (-36, -46,48) 1,208 0.021 Weeks et al., 2000; Gougoux et al.,
SPL (6%) 2005; Voss et al., 2008; Kupers
et al., 2010; Renier et al., 2010;
Collignon et al., 2011; Park et al.,
2011; Struiksma et al., 2011; Voss
etal., 2011; Anurova et al., 2015;
Fiehler et al., 2015; Dormal et al.,
2016
3 Claustrum (56%), Insula 13 (44%) (34,20,4) 1,072 0.0242 Ptito et al., 2009; Bedny et al.,
(44%) 2010; Kupers et al., 2010; Matteau
et al.,, 2010; Park et al., 2011;
Renier et al., 2010; Struiksma
etal, 2011; Anurova et al., 2015
4 PCG (52%), MEG (48%) 6 (100%) (31, -3,54) 728 0.0181 Stilla et al., 2008; Ptito et al., 2009;

Renier et al., 2010; Collignon
et al,, 2011; Struiksma et al., 2011;
Bonino et al., 2015

MEG, middle frontal gyrus; MedFG, medial frontal gyrus; MOG, middle occipital gyrus; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; PCG, precentral gyrus; SFG, superior

frontal gyrus; SMG, supramarginal gyrus; SPL, superior parietal lobule.

Vernet et al,, 2014). The SPL is classically associated with
visual guidance of actions (Karnath and Perenin, 2005; Prado
et al, 2005) and visuospatial attention (Silver et al., 2005;
Saygin and Sereno, 2008; Vandenberghe et al., 2012; Wu et al,,
2016), and codes space in an egocentric reference frame,
including the known space outside the visual field such as the
rear space (Schindler and Bartels, 2013). The FEF is strongly
involved in the control of different types of eye movements
(mostly saccadic eye movements, but also fixation, pursuit, and
vergence), the orientation of attention, visual awareness and
perceptual modulation (Moore and Fallah, 2001; Squire et al.,
2013; Vernet et al.,, 2014). However, the SPL and FEF are also
recruited in non-visual spatial tasks such as auditory distance
judgments (Collignon et al., 2011), localization of sounds on the
horizontal axis (Weeks et al., 2000; Gougoux et al., 2005; Renier
et al, 2010; Anurova et al., 2015), covert allocation of auditory
spatial attention (Garg et al., 2007), auditory motion processing
(Dormal et al., 2016), auditory spatial working memory (Park
et al.,, 2011) and tactile microspatial discrimination Stilla et al.
(2008) in both blind and sighted individuals. It is therefore
proposed that these regions most likely code peripersonal
space based on the available or contextually relevant sensory
information. Whereas in sighted persons this is mostly based
on visual information, blind individuals primarily rely on haptic
and auditory cues.
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The ventral frontoparietal network includes the temporo-
parietal junction (encompassing IPL and superior temporal
sulcus), parts of the middle and inferior frontal gyri, the frontal
operculum, and the insula. This network is associated with
bottom-up attention; it mediates the detection of unattended
salient and behaviorally relevant stimuli, and consequently
guides actions (Seeley et al., 2007; Corbetta et al., 2008; Cona
and Scarpazza, 2019). The ALE revealed activations of the
IPL and insula. The IPL is a multimodal brain region that
is mostly involved in the detection of salient novel stimuli,
in sustaining attention (Singh-Curry and Husain, 2009), and
in motor imagery (Kraeutner et al, 2019). Studies in the
macaque monkey demonstrated that the IPL is involved in the
transformation of information from all sensory modalities into
motor behaviors (Borra and Luppino, 2017; Niu et al,, 2021).
This is corroborated by studies in humans that have identified
numerous connections between IPL and frontal, occipital and
temporal regions (Caspers et al,, 2011; Sun et al.,, 2022). The
insula was the other node of the ventral frontoparietal network
that was identified by the ALE analysis. The insula is involved in
prioritizing stimuli and spatial maps in the DAN. This is based
on both bottom-up inputs and top-down internal information
from higher association cortices including, but not limited to,
the individual’s goals and previous sensory input (Serences and
Yantis, 2007; Myers et al., 2017).
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Brain areas activated in spatial processing + spatial navigation in EB, LB, and SC and results of contrast and conjunction analyses. (Left) 3D
renders of the brain and activation clusters (see Table 4 for reference). (Right) Axial cuts of the brain with identified clusters of activation. The
number below the slices refer to the z coordinate in MNI space. ALE (for single and conjunction meta-analyses) and Z values (for contrast
meta-analyses) are displayed to the right. The ALE values, calculated for each voxel, represent the probability of activation across included
studies (Turkeltaub et al., 2012). For the contrast analysis, Z-values are used to show the significance of ALE subtractions between two groups.
More details regarding the ALE and Z values are presented in Table 5. |OG, inferior occipital gyrus; IPL, inferior parietal lobule; ITG, inferior
temporal gyrus; LING, lingual gyrus; MedFG, medial frontal gyrus; MFG, middle frontal gyrus; MOG, middle occipital gyrus; MTG, medial
temporal gyrus; PCG, precentral gyrus; SFG, superior frontal gyrus; SPL, superior parietal lobule.

Similarly to findings from Zhang et al. (2019), we also
found that EB recruited a larger network than SC including
the precuneus, cuneus, lingual gyrus, and MTG. Moreover,
we found additional activations in the pre-SMA, MOG, I0G,
and ITG. The pre-SMA activation might be explained by
its extensive role in the sequential integration of spatial
information to form higher order representations (Cona and
Semenza, 2017; Cona and Scarpazza, 2019). Furthermore, there
is now ample evidence that the cuneus, lingual gyrus, MOG,
IOG, MTG and ITG are cross-modally recruited by other senses,
and thus maintain their spatial function in EB individuals
(Ricciardi et al., 2007; Ptito et al., 2009; Matteau et al., 2010;
Renier et al., 2010; Collignon et al., 2011; Dormal et al., 2016;
Huber et al., 2019); they might even serve a multisensory role
in normal sighted subjects (Palejwala et al., 2021). This could
explain why in the absence of vision, the dorsal visual stream
appears to be preserved both structurally (Reislev et al., 2016)
and functionally (Fichler et al., 2009; Zhang et al., 2019).

Frontiers in Neuroscience

104

There is some evidence that the cross-modal recruitment
of occipital areas in EB is topographically organized, forming
new “retinotopic-like” cortical maps. These include new cortical
representations of the fingers in the occipital cortex of Braille
reading experts (Ptito et al., 2008a), and of the tongue in blind
individuals trained with the tongue display unit (Kupers et al.,
2006). Spatiotopic representations of auditory information in
individuals trained in echolocation (Thaler et al., 2011; Arnott
et al,, 2013; Norman and Thaler, 2019; Van der Heijden et al,,
2020) or trained with auditory SSDs (Hofstetter et al., 2021) have
also been reported. It therefore seems that in the blind, visual
areas in the occipital cortex maintain their function and form
lower-level cortical maps of the perceived sensory information,
similarly to frontoparietal networks. These new cortical maps
are mostly egocentric and comparable to the retinotopic maps
found in sighted subjects (Linton, 2021). It is theorized that
this cross-modal recruitment in EB might arise from: (1)
strengthened cortico-cortical connections between the occipital
cortex with other sensory cortices and parietal associative areas
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(Wittenberg et al., 2004; Ptito et al., 2005; Kupers et al., 2006); or
(2) new connections between the sensory nuclei of the thalamus
enabling non-visual sensory information to arrive directly to the
occipital cortex via the optic radiations (Kupers and Ptito, 2014;
Miiller et al., 2019).

Neural correlates of non-visual spatial
navigation

While previous meta-analyses (Ricciardi et al., 2014; Zhang
et al, 2019) investigated spatial (navigation) tasks, they did
not allow to distinguish between spatial processing and more
complex spatial navigation tasks. As navigation integrates many
tasks such as locomotion, echolocation, attention to stimuli,
mental rotation, decision making, as well as working memory
and long-term memory, this distinction is important for the
present research question. Therefore, we also assessed the neural
correlates of non-visual spatial navigation in EB individuals in
one exploratory ALE analysis using a dataset of 11 contrasts.
Clusters for spatial navigation included the precuneus, SPL,
hippocampus, parahippocampal gyrus, fusiform gyrus, lingual
gyrus and cuneus, all in the right hemisphere. Comparing
with results from “spatial processing + spatial navigation”
and “spatial processing, an additional significant cluster was
found in the right insula and claustrum. These results are
in line with those of previous meta-analyses investigating
the neural correlates of navigation in SC (Epstein et al,
2017; Cona and Scarpazza, 2019; Qiu et al, 2019; Li et al,
2021), giving further credit to the idea that SC and EB
share the same neural networks, despite differences in sensory
modalities and navigational strategies. Spatial navigation in SC
has been related to large cortical and subcortical networks,
including the medial temporal lobe (comprised of HIP and
entorhinal, perirhinal and parahippocampal cortices), posterior
parietal cortex, insula/claustrum, prefrontal cortex, and a “scene
perception” network comprised of the parahippocampal place
area (PPA), the retrosplenial complex (RSC), and occipital place
area (OPA) (Epstein et al., 2017; Epstein and Baker, 2019; Qiu
etal., 2019; Li et al., 2021).

The activations in EB of the precuneus and SPL during
virtual navigation (Halko et al, 2014), route and path
recognition (Kupers et al., 2010; Fiehler et al., 2015), and tactile
maze learning (Gagnon et al.,, 2012) are consistent with results
in SC in spatial tasks (Cona and Scarpazza, 2019). These areas
are mostly involved in egocentric navigation, more specifically
in coding the environment, objects, and landmarks around the
individual, or along routes, to plan and execute movements
in relation to them (Farrell, 1996; Farrell and Robertson,
2000; Milner and Goodale, 2006). Other studies reported that
these areas are involved in mental navigation (Ghaem et al,
1997), imagining places or scenes (Bisiach et al., 1993; Burgess
et al,, 2001) and help sustaining navigation in virtual mazes
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(Ohnishi et al., 2006). Furthermore, route recognition (Kupers
et al, 2010) and maze learning (Gagnon et al, 2012) was
associated with activations of primary and secondary visual
areas: the cuneus, MOG, and lingual gyrus, a region involved
in the discrimination of direction and motion (Cornette et al.,
1998) and spatial learning of an environment (Nemmi et al.,
2013). The lingual gyrus is also linked to allocentric, as opposed
to egocentric, navigational strategies (Li et al., 2021).

The the  hippocampus,
parahippocampal gyrus and fusiform gyrus. This cluster

next cluster included
was activated by route recognition (Kupers et al., 2010), maze
learning (Gagnon et al,, 2012), and the processing of tactile
spatial layouts (Wolbers et al., 2011) and large non-manipulable
objects (He et al., 2013). The hippocampus is extensively linked
to spatial navigation as it is involved in the formation and
use of cognitive maps (Hartley et al., 2003; Iaria et al., 2003,
2007; Marchette et al., 2011; Epstein et al., 2017). It contains
spatial codes representing distance and time relationships in
small and large environments (Hassabis et al., 2009; Morgan
et al,, 2011; Deuker et al, 2016) and its activity can predict
navigational performance (Suthana et al,, 2009). Volume of
the right posterior hippocampus correlates with navigational
performance, experience, and spatial learning (Woollett and
Maguire, 2011; Hartley and Harlow, 2012; Schinazi et al., 2013).
The portion of the cluster in the parahippocampal gyrus closely
overlapped with the PPA (Park and Chun, 2009). The PPA
is a region that shows stronger responses to (1) visual scenes
containing spatial information relevant for navigation (Harel
et al., 2013; Epstein et al., 2017; Epstein and Baker, 2019); and
(2) location-related - or large non-manipulable - objects that
may serve as environmental landmarks or be linked to decision
points (Epstein et al., 1999; Janzen and Van Turennout, 2004;
Schinazi and Epstein, 2010; Julian et al., 2017; Epstein and
Baker, 2019). Consequently, the PPA is thought to have a role
in encoding a representation of specific scenes and landmarks,
enabling their recognition (Epstein, 2008).

The “scene perception” network, comprised of the PPA, RSC
and OPA, subserves different roles in long-term spatial memory
and navigation; damage to these areas causes wayfinding deficits
(Aguirre and D’esposito, 1999). While the PPA is involved in
the representation of spatial layouts of scenes, the RSC and
OPA are involved in the representation of spatial relationships
between the observer and the parts of a scene (Epstein and
Baker, 2019). Activity in the RSC increases with the acquisition
of spatial knowledge of an environment (Wolbers and Biichel,
2005) and codes for the allocentric heading direction (Spiers
and Maguire, 2007; Epstein, 2008). It is believed that the RSC
is more involved in providing allocentric representations, thus
situating scenes within more extensive environments (Epstein
and Higgins, 2007; Epstein et al., 2007; Epstein, 2008). However,
there is less consensus about its role in spatial navigation.
Whereas some authors suggest that the RSC may serve as a
relay structure that converts allocentric spatial representations
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from the hippocampal complex to the egocentric representation
in the posterior parietal cortex, others claim that it encodes
and stores its own allocentric spatial representations (Epstein,
2008; Epstein and Baker, 2019). While specific clusters were
not identified in the RSC, this region was activated by both
visual and tactile spatial layouts in EB and SC (Wolbers
et al., 2011). Taken together with PPA responses to scenes and
spatially relevant information conveyed through visual, tactile
and auditory stimuli (Kupers et al., 2010; Wolbers et al.,, 2011;
Gagnon et al., 2012; Milne et al., 2015; Dodsworth, 2019) as well
as through language (He et al., 2013), this result suggests that the
spatial representations in this “scene perception” network may
also be independent from visual experience and hence, amodal
in nature.

Finally, activations of the anterior insula and claustrum,
identified in the spatial processing + spatial navigation meta-
analysis, are consistent with their known role in the processing
goal-related sensory stimuli, in guiding behaviors, and in
spatial learning (Hartley and Harlow, 2012). However, no other
activations in (pre)frontal cortices were found even though
they are associated with multiple wayfinding tasks such as
switching navigational strategy, route planning, detours, and
shortcuts (Cona and Scarpazza, 2019; Li et al,, 2021). As it is
the case for RSC, this null result may arise from the limited
number of studies involving blind participants in such complex
navigational tasks as only one study required participants to plan
routes in a virtual environment (Halko et al., 2014).

Amodal nature of spatial cognition and
navigation

The present study adds to a growing body of research
suggesting that the brain of EB and SC are similarly organized
at the functional level (Proulx et al.,, 2014; Cecchetti et al,,
20165 Arioli et al., 2021). Particularly, our ALE analysis supports
the amodal spatial processing hypothesis (Loomis et al., 2012;
Chebat et al., 2018a; Giudice, 2018) as it indicates that EB and
SC share common neural networks mediating spatial processing
of sensory information, spatial navigation, and the formation
of spatial representations. Our data suggest that fronto-
parietal networks, typically involved in visuospatial attention
and visually guided movements, maintain their function even
though spatial information is obtained from sensory modalities
other than vision. It is quite unlikely that this can be explained
by visual imagery since EB, as defined in this paper, have
limited or no visual experience. Furthermore, it is reasonable
to assume that scene representations in the PPA is also amodal
(Wolbers et al., 2011), as this region is recruited by tactile and
auditory information relevant for navigation. However, further
evidence is needed to establish the amodal character of the
“scene perception” network.
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In Figure 5, we present a new model of amodal spatial
navigation that builds upon the work of various authors
(Cisek and Kalaska, 2010; Epstein et al., 2017; Giudice, 2018;
Epstein and Baker, 2019). According to this model, amodal
spatial representations (2 in Figure 5A), stored in working
memory, reflect the external space surrounding the individual
(Loomis et al.,, 2002). These mental representations of space
can be formed by sensory experiences and language (1 in
Figure 5A), mental imagery or long-term memory, and can
persist even after sensory inputs are removed (Giudice, 2018).
Through a spatial computation system (3 in Figure 5A), likely
the frontoparietal networks identified in the current meta-
analysis, amodal spatial representations can serve to plan and
execute many types of responses (i.e., locomotion, reaching
or eye movements, attentional shifts, etc; 4 in Figure 5A).
According to this model, locomotion (also referred to as
egocentric or response-based navigation; Figure 5B), is a
sensorimotor loop in which actions lead to new sensory
experiences (i.e., a new viewpoint, optic flow, etc.) and, in
turn, to new (or updated) spatial representations used to
plan subsequent actions. It is also well known that during
locomotion, predictive feedback is utilized by the cerebellum
to anticipate the consequences of actions and to refine
further motor commands (Cisek and Kalaska, 2010; Hull, 2020).
According to this model, spatial learning (also referred to
as path integration and/or cognitive mapping; Figure 5C) is
the process in which amodal spatial representations can be
integrated to form a more allocentric (viewpoint-independent)
or global spatial representation of an environment to be encoded
in long-term memory (mediated by the hippocampal complex).
These higher-level spatial representations (also known as
cognitive maps; 6 in Figure 5A) generally preserve properties
and relationships between environmental features such as
landmarks, paths and directions (Golledge, 1999; Long and
Giudice, 2010). These spatial representations can serve in
wayfinding (Figure 5D), as the individual must constantly
relate these to perceived features in the environment (5 in
Figure 5A) while continuously keeping track of his/her position
in relation to those features during locomotion (Long and
Giudice, 2010; Epstein et al., 2017; Epstein and Baker, 2019).
This constant comparison (5 in Figure 5A) of transient
amodal spatial representations (2 in Figure 5A) and long-term
global spatial representations (6 in Figure 5A) is likely mediated
by the “scene perception” network (Epstein et al, 2017;
Epstein and Baker, 2019) and its interaction with frontoparietal
networks. This process likely serves different roles during
wayfinding: 1) if the individual is in a new environment, a
new global spatial representation can be encoded through path
integration; 2) if the individual is in a known environment, the
global spatial representation can be anchored to the perceived
space and, thus, be utilized to orient the individual in this
environment. Finally, this model also integrates the individual’s
motivations in the processes of wayfinding and locomotion.
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FIGURE 5

The amodal spatial navigation model including locomotion, spatial learning, and wayfinding. (A) Spatial navigation from perception to action,
through various spatial computations, planning and execution of responses (actions such as movements and/or attentional allocation to
sensory stimuli) according to endogenous or exogenous goals, and the formation and/or use of internal spatial representations (e.g., cognitive
maps) to orient oneself in the environment. (B) Locomotion or “response-based” navigation consists of a sensorimotor loop that allows the
individual to negotiate his path in the environment while considering the presence of obstacles or changes in the ground surface and level. The
individual perceives the environment through sensory channels, extracts spatial information and uses it to plan and execute actions. These will
then lead to a change (i.e., a new position or viewpoint) in the perceived environment followed by the planning of subsequent actions. This loop
is involved in all forms of spatial navigation, including spatial learning and wayfinding tasks. (C) Spatial learning is the process of encoding an
environment during locomotion (e.g., exploration): the individual integrates various spatial representations and forms a more global cognitive
map to be stored in long-term memory. Such spatial representations can either be survey or route knowledge. (D) Wayfinding or “cognitive
map-based” navigation is the process of retrieving a specific cognitive map and constantly relating it to the perceived environment during

locomotion in order to reach known locations while staying oriented in the environment.

These motivations can be endogenous (e.g., hunger) or
exogenous (e.g., seeing an obstacle or smelling food). These
motivations can lead to an intention (e.g., fetch food) or to a
known destination (e.g., a restaurant) to make decisions and/or
actions (e.g., going to the restaurant). Accordingly, motivations
can serve to retrieve global spatial representations and to find a
certain destination.

Navigational abilities in the absence of
vision
Spatial navigation involves numerous higher level cognitive

processes such as spatial attention, working memory, long-
term memory and decision making; consequently, it recruits
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a large network of brain areas (Epstein et al., 2017; Cona and
Scarpazza, 2019; Li et al, 2021). These cognitive processes
gain in importance for blind individuals who rely on less
precise sensory inputs. Consequently, the formation of spatial
representations in blind individuals will require more time
and physical exploration of the environment. The difference
between blind and sighted individuals is therefore not so much
in the ability to form and use spatial representations, but in the
temporal aspect of encoding these representations during spatial
learning.

Referring to the model of amodal navigation (Figure 5),
during locomotion, EB and SC will not only rely on incoming
sensory information to guide their movements, but also on
the proprioceptive feedback from their own body to judge
traveled distances and turns taken. During spatial learning and
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wayfinding, blind individuals constantly need to memorize this
information and keep track of their movements in space as
they cannot access all environmental information. Furthermore,
wayfinding requires that the individual pays close attention
to the limited environmental information they have access
to in order to estimate their location in space, to recognize
memorized landmarks and other relevant information such
as textures on the floor. Consequently, spatial navigation in
the absence of vision poses heavier demands on memory
and attentional resources which can easily lead to exhaustion
(Giudice, 2018). Consequently, many blind individuals tend to
limit themselves to familiar environments and routes, which
may lead to spatial deficits or delays in the development of
spatial and mobility skills during childhood (Millar, 1994; Ungar
et al.,, 1997; Cappagli and Gori, 2016).

There is substantial disagreement as to whether blind
individuals possess the same spatial abilities as their sighted
counterparts. Figure 6 shows three models of spatial knowledge
acquisition in the absence of vision: the convergent model,
the deficiency/cumulative model, and the inefficiency/persistent
model (reviewed in Schinazi et al, 2016; Giudice, 2018).
The convergent model suggests that blind subjects are first
disadvantaged but that through experience (exposure to an
environment, repetition of a task, development of spatial
abilities with age) they can reach similar performance as SC.
The cumulative model proposes that vision plays a critical role
in the development of spatial representations and abilities, and
that blindness therefore leads to a slower progression in those
abilities that will create a disparity between blind and non-blind

>
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Spatial Knowledge
Spatial Knowledge
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populations over time. Finally, the persistent model suggests that
individuals with blindness show a disadvantage from the start
that, with age and experience, remains constant as vision is the
most effective spatial modality. While firm evidence in support
of one of these models is still lacking, novel technologies which
aim to substitute or restore vision should bring us as close as
possible to performance levels as proposed in the convergent
model.

While it may be relevant to study and test such models and
how tactile and auditory modalities compare to vision for spatial
knowledge acquisition, spatial abilities of blind individuals are
influenced by numerous internal and external factors. For
instance, spatial knowledge and independence vary with age,
experience, age at onset of blindness, amount of physical
exercise, proficiency with navigational aids (long cane, guide
dogs, GPS), the amount of O&M training (use of orientation
strategies, practice, echolocation), environmental adaptations
and, even, to the specific rehabilitation policies of the country
of living. Indeed, O&M specialists often do not have the time to
see clients as often as needed to help them develop all spatial
skills and concepts that support the formation of allocentric
spatial representations of the environment (Giudice, 2018).
It is therefore not surprising that there are substantial inter-
individual differences in reported spatial performance of blind
individuals (Halko et al., 2014; Schinazi et al,, 2016). It is
hence important to study the numerous factors and neural
mechanisms influencing the rate at which spatial abilities can
develop and improve in visually impaired subjects of all ages
in respect to the degree and onset of their visual condition.

Persistent
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m
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FIGURE 6
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Spatial knowledge acquisition by sighted and blind individuals. (A) Three different models of spatial knowledge acquisition: the convergent,
cumulative, and persistent models. (B) Spatial knowledge acquisition can be improved by the combination of rehabilitation services,
environment adaptations and technologies. Adapted, with permission, from Schinazi et al. (2016). Al, artificial intelligence; AR, augmented

reality; VR, virtual reality.
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For this purpose, virtual environments and videogames show
great potential (Connors et al, 2014; Li et al, 2021), but
remain largely underused in the field of blindness. Indeed,
identifying the neural networks underlying spatial learning
and wayfinding in complex, but controlled and low-stress,
virtual environments may lead to more adapted rehabilitative
strategies and exercises to (1) support better navigational skills
and improve autonomy; and (2) develop spatial concepts in
children with visual impairments in a way that may decrease
developmental delays and cortical atrophy caused by limited
experiences and interactions with the environment.

Study limitations and considerations
for future research

The present study is subject to various limitations inherent
to the ALE meta-analysis and to working with small study
populations. First, the ALE coordinate-based approach is prone
to publication bias, false positives, and does not take effect size
into account (Miiller et al,, 2018). Second, studies on blind
subjects often deal with recruitment challenges and/or limited
sample sizes. Moreover, included blind participants can be
very heterogeneous in terms of blindness onset, duration, and
cause, factors that may all affect functional outcomes. Many
studies did not include LB subjects, implying that this group
is underrepresented in the literature. Consequently, the ALE
meta-analysis on spatial tasks could only be conducted for EB
and SC. Furthermore, very few studies have dealt with the
neural mechanisms of navigation, wayfinding and formation of
allocentric cognitive maps (Ottink et al., 2022). Future research
should therefore focus on better studying these processes; an
endeavor that can be facilitated by the recent advances in audio-
based virtual reality (Halko et al., 2014; Afonso-Jaco and Katz,
2022; Andrade et al., 2022).

Conclusion

The present meta-analysis study identified shared neural
networks for non-visual spatial processing and navigation in
blind and sighted individuals, thus lending further support
to the hypothesis stating that neural representations of space
are amodal or encoded independently of sensory modalities.
However, given the limited data on spatial learning and
wayfinding in blind populations, future research is still needed
to understand their neural correlates. In addition, the paucity
of data in late blind subjects also makes it difficult to arrive
at firm conclusions regarding the neural correlates of spatial
navigation and processing in this group. Since the incidence of
late onset blindness is on the rise due to increased longevity
and the associated prevalence of age-related diseases and
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diabetes, it is important to conduct further research in this
group of patients.
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Greater cortical gyrification (GY) is linked with enhanced cognitive abilities
and is also negatively related to cortical thickness (CT). Individuals who
are congenitally blind (CB) exhibits remarkable functional brain plasticity
which enables them to perform certain non-visual and cognitive tasks with
supranormal abilities. For instance, extensive training using touch and audition
enables CB people to develop impressive skills and there is evidence linking
these skills to cross-modal activations of primary visual areas. There is a
cascade of anatomical, morphometric and functional-connectivity changes
in non-visual structures, volumetric reductions in several components of the
visual system, and CT is also increased in CB. No study to date has explored
GY changes in this population, and no study has explored how variations in
CT are related to GY changes in CB. T1-weighted 3D structural magnetic
resonance imaging scans were acquired to examine the effects of congenital
visual deprivation in cortical structures in a healthy sample of 11 CB individuals
(6 male) and 16 age-matched sighted controls (SC) (10 male). In this report, we
show for the first time an increase in GY in several brain areas of CB individuals
compared to SC, and a negative relationship between GY and CT in the CB
brain in several different cortical areas. We discuss the implications of our
findings and the contributions of developmental factors and synaptogenesis
to the relationship between CT and GY in CB individuals compared to SC. F.

KEYWORDS

vision, voxel-based morphometry, MRI, cortical thickness, gyrification, congenital
blindness, late onset blindness, cross-modal plasticity
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Introduction

The congenitally blind (CB) brain exhibits remarkable
functional plasticity (Bavelier and Neville, 2002; Merabet and
Pascual-Leone, 2010; Voss, 2013), influencing both white and
gray matter (Noppeney et al, 2005; Shimony et al., 2006;
Ptito et al., 2008; Jiang et al., 2009; Modi et al., 2012; Reislev
et al,, 2016, 2017). Indeed, there is a cascade of anatomical
(Noppeney et al., 2005; Yang et al, 2014; Cecchetti et al,
2016), structural (Shimony et al., 2006; Bridge et al., 2009;
Bridge and Watkins, 2019), morphological (Park et al., 2009),
morphometric (Rombaux et al., 2010; Tomaiuolo et al., 2014;
Aguirre et al., 2016; Maller et al., 2016), functional-connectivity
(Heine et al., 2015), and metabolic changes (de Volder et al,,
1997) in visual areas. Complete absence of vision from birth
alters the cortical thickness (CT) of the brain and specifically
in the primary visual cortex, which has been shown to be
increased compared to sighted individuals (Jiang et al., 2009;
Park et al., 2009; Kupers and Ptito, 2014; Anurova et al., 2015).
CT is defined as the distance between the white/gray matter
surface and pial surface. There is increased thickness in cortical
visual areas of the CB relative to SC including the left visual
association cortex (Jiang et al., 2009), the pericalcarine sulcus,
lingual gyrus, right rostral middle frontal gyrus, left caudate and
anterior cingulate cortices (Park et al., 2009). Both CB and LB
showed thinner entorhinal cortex relative to SC (Jiang et al,,
2009). These brain modifications are believed to be triggered
at first by sensory deprivation (i.e., disuse related mechanisms),
and later by the training of the other senses (i.e., training
induced brain plasticity) (Chebat et al., 2020). The changes in
CT of the CB brain have been explained in terms of disuse
related mechanisms, but also in terms of cross-modal functional
recruitment of brain areas (Jiang et al., 2009; Park et al., 2009;
Voss and Zatorre, 2012; Anurova et al., 2015).

During the early stages of brain development there is notable
increase in the formation of synaptic contacts, immediately
followed by sensory dependent pruning of inactive synapses
(Inuggi et al,, 2020). In the visual cortex, synaptogenesis reaches
a maximum of synaptic density around 8 months to 1 year
of age. A long period of pruning, which lasts up to 11 years
of age, eliminates about 40% of synapses. Prolonged visual
deprivation during development alters pruning mechanisms
which are dependent on sensory input (Pascual-Leone et al,
2005). Increased CT in the visual cortex in CB has been
attributed to disuse related mechanisms during development
(Jiang et al.,, 2009). In line with this time frame, changes in
the thickness of the cortex are not observed in late blind (LB)
individuals (Jiang et al., 2009; Park et al., 2009; Voss and Zatorre,
2012; Anurova et al,, 2015), and CT gradually is linked with the
age of blindness onset (Li et al., 2017). These differences between
CB and LB individuals suggest that CT in occipital cortex is
dependent on sensory experience during early development.
The lack of visual experience must start influencing CT early
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on in development since, like adults, CB children have a thicker
cortex than their sighted counterparts, while blind children with
low vision do not (Inuggi et al.,, 2020; Ankeeta et al.,, 2021).
Furthermore, these brain changes are long lasting, and not
fully reversible, since people who had their sight restored by
cataract surgery had decreased visual cortical area and higher
CT than sighted individuals (Holig et al., 2022). Indeed, a short
and transient lack of visual experience early in life can have
long lasting effects on brain development. Patients born with
congenital cataracts exhibit long lasting changes in CT to the
visual cortex and other visual areas, as well as resting state
connectivity changes (Feng et al., 2021). Even slight changes to
the quality of vision, such as in congenital achromatopsia, can
also cause increases in CT in the visual cortex (Molz et al., 2022).

These first stages of development are characterized by
delay (Begeer et al, 2014) or impairment (Gori et al.,, 2014)
of certain abilities and altered brain development (Levtzion-
Korach, 2001). During later stages of brain development,
however, extensive training using touch and sound enables CB
people to develop impressive skills that are linked to cross-
modal activations of primary visual areas (Ptito et al., 2005;
Merabet and Pascual-Leone, 2010; Voss et al., 2010; Kupers
and Ptito, 2014). For example, CB possess enhanced verbal
memory (Amedi et al., 2003), working memory (Heled et al,,
2022), perceptual (Voss et al., 2004; Chebat et al., 2007; Arnaud
et al.,, 2018), attention (Collignon et al., 2006), and cognitive
(Fortin et al., 2008; Kupers et al., 2010; Chebat et al., 2015,
2017) skills compared to their sighted counterparts. This cross-
modal recruitment keeps the primary visual cortex functional
despite visual disuse for non-visual tasks (Amedi et al., 2003;
Gougoux et al., 2005; Stevens et al.,, 2007; Jiang et al., 2009;
Kupers and Ptito, 2014; Silva et al., 2018; Ptito et al., 2021).
Variations in the thickness of the cortex in CB are linked to
better performances on pitch and musical discrimination tasks.
These changes are attributed to mechanisms of cross-modal
training induced brain plasticity (Voss and Zatorre, 2012).
Anurova et al. (2015) examined the relationship between CT
and the magnitude of cortical activations in CB individuals
during an attentionally demanding auditory task. They find that
functional activations were negatively correlated with CT in all
cortical areas involved in the auditory task (i.e., middle occipital
gyrus, aSTG, pSTG). Meanwhile, cortical thinning in the CB
brain is found in auditory and somatosensory areas, which is
interpreted to reflect the interplay between developmental and
adult training-induced plasticity (Park et al., 2009).

Reports of impaired performances and delayed brain
development seem at odds with studies showing enhanced
behavioral performances associated with cortical plastic changes
in CB. In order to better understand the link between
morphological changes and functional changes, it is imperative
to look at several different measures of morphological
changes. Gyrification (GY) is a complimentary measure
to CT and is defined as the amount of cortical folding
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(Hogstrom et al., 2013). CT and GY have been shown to
be complementary measures, the former being sensitive to
environmental changes whereas the latter is assumed to reflect
rather stable inherent morphological characteristics. Indeed,
although GY also shows levels of increment and/or decrement
during aging, these changes seem to be driven by loss of
volume and surface area (White et al., 2010; Striedter et al.,
2015). Furthermore, in terms of the link between structure and
function, there are differential contributions of CT and GY
to different forms of intelligence (Tadayon et al.,, 2020). It is
possible that CT and GY may also be affected differently by
complete absence of visual experience from birth. No study
to date has investigated GY in CB adults, and this is also the
first study to explore the link between CT and GY in CB.
In sighted humans, CT is negatively related to GY (Gautam
et al,, 2015), and greater cortical GY is usually linked with
enhanced cognitive abilities (Hogstrom et al.,, 2013; Gautam
et al,, 2015; Green et al, 2018). The mechanisms underlying
changes in GY are still unknown (White et al.,, 2010), and
the forces driving the relationship between GY and CT is
still largely misunderstood (Striedter et al., 2015). There are
many non-mutually exclusive hypotheses describing why the
cortex folds during development (White et al., 2010; Striedter
et al,, 2015). The observation of increase or decrease in GY
might lead to different hypotheses concerning the mechanisms
underlying plastic changes of the cortex of the blind during
development. For example, GY changes might underlie some of
the functional-anatomical modulations observed in the visual
areas of the blind following cross-modal associations (Amedi
et al., 2004, 2010; Ptito et al., 2005). The functional-anatomical
modulations observed in the visual areas of CB following cross-
modal associations (Desikan et al., 2006; Luders et al., 2006;
Dahnke et al., 2013) including CT might reflect GY changes, and
possibly also changes in the nature of the relationship between
CT and GY.

We report here for the first time GY changes in CB adults
compared to sighted people, and the link between CT and
GY. We examine the effects of congenital visual deprivation
in cortical structures GY and CT by comparing a group
of healthy CB individuals with age-matched sighted controls
(SC). We hypothesize that the relationship between CT and
GY in targeted areas should be consistent with the effects of
early visual deprivation and also to cross-modal experience
dependent plasticity.

Materials and methods

Participant
We studied 11 CB (6 males) and 16 SC (10 males). Blindness

was of peripheral causes in all cases and without any cognitive
or neurological comorbidities. CB participants were born blind
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and had no history of light perception, except GA who lost his
sight at the age of 1. Average ages of CB and SC were 34 (range
20-48) and 30 (range 20-40) years. Demographic data and the
causes of blindness are summarized in Table 1. All subjects gave
informed consent and the study protocol was approved by the
local research ethics committee.

Magnetic resonance imaging data
acquisition

High resolution three-dimensional anatomical volumes
were collected using MP-RAGE T1-weighted sequence with
a magnetic field 3T GE Signa scanner (GE Medical Systems,
USA). Typical parameters were: Field of View (FOV) 23 cm
(RL) x 23 cm (VD) x 17 cm (AP); Fold over- axis: RL, data
matrix: 160 x 160 x 144 zero-filled to 256 in all directions
(approx. 1 mm isovoxel native data), TR/TE = 3 ms/2300 ms,
flip angle = 8°, resulting in 160 scans per subject.

Surface based morphometry analysis

Surface based morphometry analyses were computed
using the CAT 12 toolbox (Structural Brain Mapping group,
Jena University Hospital, Jena, Germany) implemented in
SPM12 (Statistical Parametric Mapping, Institute of Neurology,
London, UK). All T1-weighted images were corrected for bias e
field inhomogeneities, then segmented into gray matter (GM),
white matter (WM), and cerebrospinal fluid (CSF) (Gautam
etal, 2015) and spatially normalized. The segmentation process
was further extended by accounting for partial volume effects
(Ptito et al,, 2005), applying adaptive maximum a posteriori
estimates. After pre-processing and in addition to visual
checks for artifacts all scans passed an automated quality
check protocol. CT and GY indices are determined by the

TABLE 1 Demographic information of the congenitally blind group.

Sex Age Causes of blindness
AK M 30 Congenital-cause unknown.
DK M 33 Congenital-cause unknown.
EM F 33 Congenital-cause unknown.
EN F 30 Congenital-cause unknown.
GA F 32 Early (1 year)-Left eye didn’t develop during
pregnancy, lost right eye when fell at the age of 1.
IG M 42 Congenital-cause: Leiber disease.
MM M 48 Congenital-cause: excess of oxygen.
OB F 38 Congenital-cause: excess of oxygen.
oG F 38 Congenital-cause: Rubella.
SH M 30 Congenital-cause unknown.
SS M 20 Congenital-cause unknown.
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projection based thickness (PBT) method (Desikan et al,
2006). GY index refers to the estimated surface complexity
in 3D, indirectly reflecting the amount of cortical folding
and an increase in surface areas housing more gray matter.
For both indices, scans were smoothed with a Gaussian
kernel of 20 mm (FWHM). Automated ROI based analysis
was performed for both GY and CT. ROIs were based on
cortical parcelation using Desikan-Killiany Atlas (Pietrini et al.,
2004).

Statistical analysis

Statistical analyses were carried out using the approach
implemented in the CAT toolbox for SPM12. All values entered
in the analysis were Z-transformed based on the mean and
STD of the groups. We first examined group differences in
CT by conducting a whole-brain analysis using a two-sample
t-test adjusting for age and sex (p < 0.05, FDR correction).
Comparisons between CB and SC groups was performed using
independent t-tests separately for CT and GY indices. In all
analyses, sex and age were entered as covariates in order
to remove variance related to these potentially confounding
variables. CAT 12 allows the estimation of surface parameters by
surface-based atlas maps (Amedi et al,, 2010). The atlas-based
ROI analysis applies the information contained in the design
matrix in order to extract parcellation based ROI values. False
Discovery Rate correction was used to determine significant
areas (FDR at p < 0.05).

We used paired t-tests to examine differences within each
group concerning GY and CT. Data for all the areas except
otherwise specified (see Table 2), were normally distributed
according to Shapiro-Wilk test for normality (significant
p < 0.05 suggesting deviation from normality).

TABLE 2 Desikan-Killiany (DK) Atlas brain areas (p < 0.05, FDR
corrected) showing group differences (CB > SC) in Gyrification (GY).

T-value Z-value P-value

Left hemisphere

1. Left pars opercularis 3.77593 3.29 0.03
2. Left middle temporal 2.75599 2.53 0.048
3. Left temporal pole 2.66305 2.46 0.048
4. Left rostral middle frontal 2.64442 2.44 0.048
Right hemisphere

5. Superior frontal 3.39 3.39 0.045
6. Pericalcarine 2.98 2.71 0.048
7. Frontal pole 2.68 247 0.048
8. Rostral middle frontal 2.85 2.61 0.048
9. Inferior temporal 2.68 2.47 0.048
10. Lateral occipital 2.64 2.438 0.048
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General linear model testing the interaction
between group, gyrification and cortical
thickness

We first examined the relationship between GY and CT in
cortical areas showing significant increase in GY (p < 0.05,
FDR correction). A two-step regression approach was used
to examine the relationship between GY and CT in the
targeted cortical areas. The first model aimed at examining
whether there was an association between GY and CT as
a function of group and ROI. Therefore, GY was taken as
dependent variable, CT, group and ROIs were chosen as
the independent variables while adjusting for age and sex.
The second model served as a post-hoc analysis examining
the association between GY and CT within each ROI as a
function of group (see: 31, for a similar approach). Checks for
normality assumption were performed by using adequacy of
Q-Q plots and residuals (see Supplementary material: Q-Q
plots standardized residuals).

Results

Analysis of cortical thickness

In order to examine group differences in CT, we first
conducted a whole-brain using a two-sample t-test adjusting
for age and sex (FDR corrected p = 0.05). This analysis
did not reveal any significant difference for the contrast
SC > CB or for the reversed contrast CB > SC. Considering
the small sample size used in the present study, and the
fact that previous studies reported thickening of the cortex
in CB individuals, we further explored group differences by
using a less stringent exploratory threshold (p = 0.001 and
p = 0.005, uncorrected) for the CB > SC contrast. Our
analyses revealed a blob in the right fusiform area, and two
additional blobs at the left middle occipital cortex and in the
right superior motor area. Results for the whole-brain analysis
are reported in (see Supplementary material: Analysis of CT,
Supplementary Figure 1).

We also examined group differences by means of an atlas-
based ROI analysis using FDR at p < 0.05. There was no
significant group difference under FDR corrected threshold.
The uncorrected threshold (p < 0.05) revealed differences for
SC > CB and CB > SC contrasts. The results of this analyses
are presented in full in Supplementary material. Although not
reaching multiple comparisons threshold, CB > SC contrast
revealed differences in the left and right occipital cortex. Despite
not reaching statistical significance under FDR correction, the
pattern from both whole-brain and ROI-based analysis are
consistent with previous findings showing thickening of the
occipital cortex in CB relative to controls (Pan et al., 2007; Jiang
et al., 2009; Park et al., 2009; Voss and Zatorre, 2012).
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Analysis of gyrification

In terms of group differences for GY (CB > SC) several brain
areas are increased for the CB group (Figure 1). Namely, we find
increases in the left hemisphere, the pars opercularis (BA44),
temporal pole and middle temporal cortex, lateral orbitofrontal
cortex and rostral middle frontal cortex. In the right hemisphere,
we find a significant increase in GY in the following areas:
superior frontal cortex, pericalcarine, frontal pole and inferior
temporal, rostral frontal and lateral occipital cortex (Table 3 for
the list of areas). The reverse contrast (SC > CB) did not reveal
any differences.

Relationship between gyrification and
cortical thickness in targeted cortical
areas

We used Pearson’s correlation coefficient to determine
which brain areas had significant correlations between GY
and CT for the CB group. Most areas show a negative link
between CT and GY except for the right superior frontal and
pericalcarine areas for CB and the left pars opercularis for SC
(Table 3). For SC, although the correlations follow a similar
negative trend, it only reached significance in the left temporal
pole and in the right inferior temporal cortex.

We applied a linear regression analysis taking GY as
dependent variable, Group, ROI and CT as regressors, while
controlling for sex and age). We find a significant 3-way
interaction F(9 228) = 2.34, p = 0.015, as well as a significant
main effect of CT, F(1228) = 23.52, p < 0.001. We further
examined the association between GY and CT in a post-hoc
analysis, for each ROI by means of separate linear regression
models, taking GY as dependent variable, CT and group as

TABLE 3 Pearson correlation coefficients between GY and CT for
each DK atlas area showing increase in GY.

D.K Atlas label Correlation between GY and CT

CB SC

1. Left Pars opercularis —0.53 (p = 0.09) 0.24 (p =0.37)
(BA 44, 45, 47)

2. Left middle temporal —0.64 (p =0.03) —0.43 (p = 0.10)
3. Left temporal pole —0.81 (p = 0.002) —0.64 (p < 0.007)
4. Left rostral middle frontal —0.15 (p = 0.70) —0.32 (p =0.23)
5. R superior frontal 0.62 (p = 0.04) —0.11 (p = 0.70)
6. R pericalcarine 0.26 (p = 0.45) —0.05 (p = 0.85)
7. R frontal pole —0.67 (p = 0.02)* —0.41 (p =0.11)
8. R rostral middle frontal —0.85 (p = 0.009) —0.18 (p = 0.52)

9. R inferior temporal —0.06 (p = 0.87)

—0.27 (p = 0.42)

—0.64 (p = 0.007)*

10. R lateral occipital —0.16 (p = 0.57)

*Spearman correlation coefficient. Significant values are shown in bold font.
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independent variables adjusting for age and sex (Table 4).
We observe a correlation between CT and GY changes for
most areas except for the left rostral middle frontal, right
pericalcarine, right inferior frontal, right inferior temporal and
right calcarine areas. Of main relevance for the present report is
the interaction involving Group and CT. We find that the level
of CT in the left pars opercularis (BA 44) and in the right rostral
middle frontal cortex had a significant impact on the amount
of GY. We find a significant difference between the relationship
between GY and CT between CB and SC groups. The impact of
Group and CT as regressors of GY is illustrated in Figure 2.

Discussion

Although our results are limited by our small sample size
and by the absence of any cognitive assessment data for our
subjects (see “Limitations”), several distinct trends emerged
from our data. We focus on three specific themes: comparisons
of CT, cortical GY, and the relationship between CT and GY
between our groups. We did not find statistically significant
differences in CT between CB and SC in whole-brain analysis.
However, using less stringent threshold, thickening of the
occipital cortex was observed, consistent with previous findings
(Pan et al., 2007; Jiang et al., 2009; Park et al., 2009; Voss and
Zatorre, 2012). In terms of GY, several brain areas are increased
for the CB group (Figure 1). We find that most of the areas that
have increased GY are also correlated negatively with CT for the
CB group (see Table 3). Of those areas where GY was increased,
we find interactions involving Group and CT in the left pars
opercularis (BA 44) and in the right rostral middle frontal cortex
(Figure 2). We discuss our findings in the following sections in
terms of the existing literature on the subject.

Cortical thickness and gyrification
following blindness in humans

Several brain areas are increased in terms of GY for the
CB group (Figure 1). Namely, we find increases in the left
the pars opercularis (BA44), temporal pole, middle temporal
cortex, lateral orbitofrontal cortex, rostral middle frontal cortex,
in the right superior frontal cortex, pericalcarine, frontal pole
and inferior temporal, rostral frontal and lateral occipital cortex
(Table 2). Interestingly, the temporal pole which we find
increased in terms of GY, has been shown in previous reports
to be reduced in terms of CT in CB (Park et al., 2009). Given
that GY and CT are inversely related (Gautam et al., 2015), our
results are congruent with these previous reports. Our report
is congruent with CT increases in visual, sensory-motor, and
auditory areas, and GI in bilateral visual cortex in CB children
(Ankeeta et al., 2021).
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The morphological changes we find in terms of GY and CT
in the visual cortex of the CB are probably linked to mechanisms
of general loss and compensatory plasticity. It has been shown
that the lack of visual experience has an effect early on during
development since CB children have increased CT compared
to their sighted peers (Inuggi et al, 2020). Changes in CT
have been described as “multi-systemic” since they affect several
distinct brain areas. The areas that we find show increase GY
in CB individuals are areas that have been consistently linked
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with cross modal activations in this population. For example,
brain imaging studies in CB individuals show an increase in
activation in these brain areas to non-visual stimuli (Amedi
et al.,, 2003; Ptito et al.,, 2005; Kupers et al., 2010) recruiting
the ventral stream for response to object recognition (Ptito
et al,, 2005, 2012; Striem-Amit et al., 2012), and the dorsal
stream in responses to perceived motion of non-visual stimuli
(Ricciardi et al., 2007; Ptito et al., 2009; Sani et al., 2010),
and superior occipital cortex responses to spatial localization of
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TABLE 4 Results of linear regression models taking mean CT and GROUP as regressors, and the interaction term CT x Group adjusting

for sex and age.

Beta values CI P Adjusted R?
L pars opercularis —1.20 —1.83t0 0.56 0.001 0.48
CT —0.40 —0.96 t0 0.16 0.001
Group x CT 0.67 0.03 to 1.32 0.041
L middle temporal Group —0.68 —1.32t0 0.30 0.040 0.51
CT —0.93 —1.66 to —0.20 0.015
Group x CT 0.56 —0.23t0 1.35 0.157
L temporal pole Group —0.44 —1.07 to 0.19 0.165 0.59
CT —0.93 —1.60 to 0.25 0.010
Group x CT 0.42 —0.31to 1.16 0.244
Left rostral middle frontal Group —0.84 —1.72t0 0.03 0.057 0.14
CT —0.13 —0.73 to 0.46 0.65
Group x CT —0.26 —1.15to —0.62 0.54
R pericalcarine Group —1.21 —2.02to —0.39 0.006 0.17
CT 0.35 -0.32to0 1.03 0.29
Group x CT —0.29 —1.10 to 0.52 0.46
R frontal pole Group —0.52 —1.29t0 0.24 0.167 0.39
CT —0.75 —1.33to —0.17 0.014
Group x CT 0.33 —0.38 to 1.05 0.345
R rostral middle frontal Group —0.59 —1.23 t0 0.06 0.074
CT —1.07 —1.62to —0.51 0.001
Group x CT 0.94 0.26 to 1.61 0.009
R inferior temporal Group —0.76 —1.41 t0 0.10 0.026 0.37
CT 0.003 —0.51t0 0.51 0.991
Group x CT —0.52 —1.15t0 0.12 0.104
R lateral occipital Group —1.00 —1.73 to —0.28 0.009 0.45
CT —0.22 —0.69 to 0.24 0.33
Group x CT —0.005 —0.64 to —0.63 0.988

CI, confidence intervals. Beta values = unstandardized coefficients.

sounds (Gougoux et al., 2005; Collignon et al., 2011). Our results
show an increase in GY in the left pars opercularis, and rostral
middle frontal cortex that carry language and memory for verbal
stimuli. These areas are co-activated with the left triangular
cortex and occipital cortex during a verbal-memory task in
CB (Amedi et al., 2003), and connectivity between these areas
and striate cortex is altered in congenital blindness (Butt et al.,
2013), suggesting that mechanisms of cross-modal plasticity also
influence measurements of GY in the CB brain.

Relationship between gyrification and
cortical thickness in targeted cortical
areas

We find associations between GY and CT in various areas
(Table 3). CT in the left pars opercularis (BA 44) and in the
right rostral middle frontal cortex is correlated to the amount
of GY in CB. Furthermore, the relationship between GY and
CT is significantly different between CB and SC (Figure 2).
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These findings could suggest that GY and CT are not related
in the same way for our two groups. We further explored the
relationship between GY and CT by means of linear regression
models, taking GY as dependent variable and CT and group as
regressors (Table 4). We observe that CT is reliably correlated
to GY changes in pars opercularis and in the right rostral middle
frontal cortex. We further examined the association between GY
and CT in a post-hoc analysis, for each ROI by means of separate
linear regression models, taking GY as dependent variable, CT
and group as independent variables (Table 4). Of main relevance
for the present report is the interaction involving Group and CT.
We find that the level of CT in the left pars opercularis (BA 44)
and in the right rostral middle frontal cortex had a significant
impact on the amount of GY (Figure 2).

We report a novel finding connecting two anatomical
markers, GY and CT in CB individuals. Our findings are
in line with previous work showing that there is increased
thickness in cortical visual areas of the CB relative to SC
including the pericalcarine sulcus, lingual gyrus, right rostral
middle frontal gyrus, left caudate and anterior cingulate cortices
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(Park et al., 2009), and that both CB and LB have a thinner
entorhinal cortex relative to SC (Jiang et al., 2009). The thickness
of the cortex in CB is linked with better performance in a
melody discrimination task (Voss and Zatorre, 2012). Changes
in CT and GY are linked with duration of Braille education in
CB and LB children (Ankeeta et al., 2021). These results were
interpreted to reflect the interaction of cross-modal plasticity
and mechanisms of synaptic pruning, possibly driving the
relationship between CT and GY. We find that in these specific
areas, GY changes are correlated to changes in CT.

The biological significance for the expansion of cortical
surface, and the consequential increase in GY, is that it enables
the increase in computational capacity of the brain (Toro and
Burnod, 2005). Indeed, phylogenic increases in GY is associated
with increased cognitive abilities and more complex behaviors
(e.g., rodents versus primate cortex) (Gregory et al, 2016).
Furthermore, cortical GY is associated with better cognitive
function (Burgaleta et al, 2014; Gautam et al.,, 2015; Youn
et al,, 2021), and GY is inversely correlated with CT (McIntosh
et al,, 2009; Hogstrom et al., 2013; Gautam et al., 2015; Schmitt
et al, 2022), meaning that in most brain areas increases in
GY are usually, but not always accompanied by decreases in
CT. CT and GY are both influenced by early experiences of
maltreatment (Kelly et al., 2013), the acquisition of a new
language (Vaughn et al., 2021) or being born preterm (Papini
et al., 2020), showing its vast malleability. Different cognitive
measures in older adults, revealed positive correlations between
GY and cognitive abilities in the superior temporal gyrus, the
insular cortex and in the post-central gyrus (Lamballais et al.,
2020), and GY decreases with age (Frangou et al., 2022). The
CB brain is greatly modified for processing tactile and auditory
stimuli as well as braille reading, speech processing and verbal
memory (Kujala et al., 1995; Roder et al., 2002; Amedi et al.,
2003; Ptito et al,, 2005). We show that the areas responsible
for these processes also show differences in terms of GY and
the relationship between CT and GY may also be an important
measure of synaptic plasticity.

Limiting factors

The present study is subject to various limitations inherent
to working with small study populations. Different from
previous studies, we did not find significant difference in CT
in visual areas between CB and SC. We believe this null result
could be possibly due to sample size issues since we did find
differences in CT under less stringent threshold. Studies on
blind subjects often deal with recruitment challenges and/or
limited sample sizes. Moreover, included blind participants can
be very heterogeneous in terms of blindness onset, duration,
and cause, factors that may all affect functional outcomes.
CB individuals represent an exceptionally rare population,
even more so when strict selection requirements are enforced.
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Our sample of 12 participants can be considered as large
and within the range of other classical brain morphometry
studies in this population (for review see: Kupers and Ptito,
2014). Regardless, this is a major limiting factor of our study,
and the relatively small sample size of CB participants forces
us to be very cautious in our conclusions. Another major
limiting factor is the absence of subject’s cognitive information.
Indeed, it would be interesting to correlate changes in GY
and CT with measures of performance in different cognitive
tasks. Future studies should explore behavioral correlates of
perceptual training and CT/GY changes, training induced
brain plasticity and training of abilities in CB people and
its impact on the relationship between GY and CT in a
larger sample of participants including late blind and low
vision participants.

Conclusion

In this report, we show for the first time an increase
in GY in several brain areas of CB adults compared to SC,
and a negative relationship between GY and CT in the CB
brain in several different cortical areas. We find that GY
and CT covary differently in targeted areas, suggesting CB
and SC may use these measures may be affected differently
by the lack of visual experience, possibly reflecting disuse
related mechanisms for CT changes, and training induced brain
plasticity changes for GY changes in the CB. Furthermore,
this differential relationship is highlighted by the fact that
the relationship between GY and CT is not the same way
in these two groups. Our results show that areas that are
consistently implicated in cross-modal associations in CB are
correlated in terms of CT/GY changes. Further exploration
of ratio changes between GY and CT linked with perceptual
learning skills in CB would enable us to disentangle the
relation between cortical thickness, GY and behavioral abilities
and the contributions of training induced plasticity vs. disuse
related mechanisms.
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As neuroscience and rehabilitative techniques advance, age-old questions
concerning the visual experience of those who gain sight after blindness,
once thought to be philosophical alone, take center stage and become the
target for scientific inquiries. In this study, we employ a battery of visual
perception tasks to study the unique experience of a small group of children
who have undergone vision-restoring cataract removal surgery as part of
the Himalayan Cataract Project. We tested their abilities to perceive in three
dimensions (3D) using a binocular rivalry task and the Brock string task,
perceive visual illusions, use cross-modal mappings between touch and vision,
and spatially group based on geometric cues. Some of the children in this
study gained a sense of sight for the first time in their lives, having been
born with bilateral congenital cataracts, while others suffered late-onset
blindness in one eye alone. This study simultaneously supports yet raises
further questions concerning Hubel and Wiesel's critical periods theory and
provides additional insight into Molyneux’s problem, the ability to correlate
vision with touch quickly. We suggest that our findings present a relatively
unexplored intermediate stage of 3D vision development. Importantly, we
spotlight some essential geometrical perception visual abilities that strengthen
the idea that spontaneous geometry intuitions arise independently from visual
experience (and education), thus replicating and extending previous studies.
We incorporate a new model, not previously explored, of testing children
with congenital cataract removal surgeries who perform the task via vision.
In contrast, previous work has explored these abilities in the congenitally blind
via touch. Taken together, our findings provide insight into the development
of what is commonly known as the visual system in the visually deprived
and highlight the need to further empirically explore an amodal, task-based
interpretation of specializations in the development and structure of the brain.
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Moreover, we propose a hovel objective method, based on a simple binocular
rivalry task and the Brock string task, for determining congenital (early) vs. late
blindness where medical history and records are partial or lacking (e.g., as is
often the case in cataract removal cases).

vision restoration, sensory perception, sensory development, visual perception,
cataract removal, visual development, geometry, 3D perception

1. Introduction

“You’ll learn,” the blind man answered. “There is much
to learn in the world.” And indeed, as discovered by the
protagonist in Wells, 1921 short story “The Country of the
Blind,” we have much to learn from the blind and the visually
impaired. Particularly with regard to the neuroscience of vision
and the development of the brain and the senses. Today,
actual attempts at restoring vision allow for true exploration
concerning these themes. In particular, by way of cataract
removal. Though cataract removal methods and techniques
have been documented for hundreds of years-with one of
the first reported cases taking place as early as 1615 (Leffler
et al., 2021), case studies and reports on the visual abilities and
experiences of people who undergo cataract removal surgeries
are still relatively few and far between (Fine et al, 2003;
Ostrovsky et al., 2006).

Cataracts are the leading cause of vision impairment in
children, particularly those residing in low-income countries
worldwide (World Health Organization [WHO], 2021). Several
humanitarian efforts are currently underway to change this
unfortunate circumstance and rectify the situation. Among
these projects is project Prakash (Thomas, 2011; Sinha, 2013;
Sinha et al.,, 2013), a project with humanitarian and scientific
goals led by Prof. Pawan Sinha, and the Himalayan Cataract
Project (Welling et al., 2013; Brant et al., 2021), founded by Drs.
Geoffrey Tabin and Sanduk Ruit that aims to eradicate curable
blindness.

David Hubel and Torsten Wiesel, who later won the 1981
Nobel Prize for this work, found that deprivation of visual input
in the first few months of the lives of animals (such as cats and
monkeys) led to irreversibly abnormal visual processing (Wiesel
and Hubel, 1965; Hubel et al.,, 1977; LeVay et al., 1980). They
found that when monocularly deprived of vision, the percentage
of cells driven by the sensory-deprived eye is reduced (Wiesel
and Hubel, 1963). When binocularly deprived of vision, they
found a decrease in the number of binocularly influenced cells.
They suggested that this indicates “a deterioration of innate
connections subserving binocular convergence” (Wiesel and
Hubel, 1974, p. 1060).
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Following from these findings, Hubel and Wiesel (1963)
concluded that while there is a basic organization in place
at birth, for proper development and visual processing, visual
input is necessary. They thus formulated the critical periods
hypothesis, which postulates that there is a critical period for
developing the sense of vision (and other senses). If sensory
information is deprived during the critical period, the neuronal
morphology and connectivity are altered in such a way that the
sense cannot be gained or recovered at a later stage (Wiesel
and Hubel, 1965; Hubel and Wiesel, 1970). In humans, while
the greatest chance of visual recovery in the case of detected
and treated visual abnormality is under the age of 5 (Siu and
Murphy, 2018), the critical period for binocularity was thought
to decrease by age 6-8 (Aslin and Banks, 1978), with some
studies pointing to the end of the critical period for stereopsis as
falling between the age of 4-5 (Fawcett et al,, 2005). Despite this,
research conducted specifically on congenital cataract removal
by Prof. Pawan Sinha and others indicates that the human
brain “retains the capacity” for the acquisition of vision even
after extended sensory deprivation during critical periods (Held
et al,, 2011). A wealth of research indicates that neuroplasticity
can bring about enhanced development in the intact skills and
abilities of the sensory deprived (Amedi et al., 2005; Heimler
et al,, 2014; Heimler and Amedi, 2020). Further support for
this comes from studies showing compensatory neuroplasticity,
for example, switching of tasks performed by a specific brain
area leading to enhancement in high-level cognitive functions,
such as memory or language (Amedi et al., 2003; Bedny et al,,
2011 or memory in a causal relationship Amedi et al., 2004), or
neuroplasticity that underlies the ability to perform substitution
of one sense by another. Contemporary research on blind users
trained with sensory substitution devices that translate vision to
audition show activation in category-specific visual areas when
using the devices for various tasks, such as identification of
objects (Striem-Amit et al., 2012a), letters (Reich et al,, 2011),
and numbers (Abboud et al., 2015).

A cataract is a lens opacity that causes visual impairment,
sometimes to complete blindness (Gralek et al., 2007). Cases of
visual restoration following cataract removal represent the true
core of both the philosophical and scientific debate on sight, the
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senses, and neuroplasticity. Would one who underwent surgery
that allowed them to gain a previously inexperienced sense of
vision be able to “know” what they were seeing? If so, how
rapidly and to what level would the ability to use this knowledge,
for example, for perceiving three dimensions (3D) vision and
geometry, come about? These findings are also interesting for
the nature vs. nurture debate concerning visual properties. This
debate dates back to the time of John Locke and his acquaintance
William Molineux, who pondered in correspondence whether
a blind person who could recognize objects by touch would be
able to recognize those same objects by vision, were their vision
miraculously restored (Locke, 1847; Ferretti and Glenney(eds),
2021). We aim to weigh in on several core questions in this
case study. Would children blind from birth in one or both
eyes gain true visual properties? If so, to what extent and how
similar or different is their visual experience from those of
the normally sighted? Would they achieve the level of visual
knowledge experienced by the normally sighted children?

In addition, we specifically explore some still-open questions
at the forefront of research conducted with vision restoration
patients. Would these children have 3D vision? Fine et al.
(2003) conducted a case study that showed that long-term
visual deprivation leads to deficits in processing complex forms,
specifically 3D. Would the children be able to correspond
what they now see with what they feel through touch? Prior
research indicates, for example, that the cross-modal transfer of
information between the tactile sense and the newly acquired
visual one does not develop immediately. However, it develops
within a few days (Held et al, 2011). Later research indicates
that this correspondence occurs quicker than previously thought
(Chen et al,, 2016). Would these children be susceptible to
visual illusions? It was commonly believed that susceptibility to
visual illusions is visual experience-dependent (Gillam, 1980).
Yet, a study showed that children who underwent cataract
removal surgery (as part of project Prakash) are susceptible to
certain illusions immediately after surgery (Gandhi et al., 2015).
Moreover, how would they perform on tasks requiring the
spatial grouping of visual geometric cues? Research conducted
with haptic geometric cues has led to conflicting conclusion. On
the one hand, Marlair et al. (2021) showed lower performance in
the blind than the sighted, but on the other, Heimler et al. (2021)
showed similar performance in the blind as in the sighted.

This paper aims to provide insight into these key questions,
to some extent, through the individual experiences of eight
children who underwent cataract-removal surgery in Quiha
hospital in Ethiopia as part of the Himalayan Cataract Project.
We were able to explore the children’s visual state a few days
after surgery (but due to the circumstances—not before) to shed
some light on the relationship between the behavioral and the
neurological. A case study is particularly warranted in these
circumstances due to the exceptional nature of these cases. The
extensive battery of tests we employ allows for ascertaining
the fine details of the children’s visual experience. We believe
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this paper serves as a springboard for more research in this
challenging field and paves the way for a deeper understanding
of the development of vision and the senses in general.

In addition, we wish to propose a novel and more objective
method for determining congenital (early) vs. late blindness in
children undergoing cataract-removal surgery. In these cases,
particularly in, but not limited to, low and middle-income
countries, it is often difficult to determine the precise medical
background of the children, and their clinical state is often not
adequately documented, leaving the medical and rehabilitative
staff often dependent on reports of the parents alone. We suggest
utilizing the findings of this study, particularly concerning the
binocular rivalry and the Brock String task, as a method for
distinguishing cases of congenital (early) and late blindness in
children following cataract surgery.

2. Materials and methods

2.1. Participants and ethics

Eight children participated in the study, all of whom
underwent vision restoring or rehabilitating ophthalmological
surgery in the days before the study as part of the Himalayan
Cataract Project (see Table 1 for more details). For the purpose
of this study, childhood is defined as below the universally
accepted age of 18 (McGoldrick, 1991). The children presented
with various visual impairments but had no other known
diseases or medical conditions. RS (male, 11 years old) and HB
(male, 13 years old) had congenital cataracts in both eyes. IG
(male, 14 years old) had a congenital cataract in one eye. OB
(male, 7 years old), GA (male, 7 years old), AC (female, 10 years
old), AB (male, 12 years old), and GH (female, 10 years old)
had trauma-induced cataracts in one eye. While RS and HB had
been blind from birth in both eyes, and IG blind from birth
in one eye, the others had much shorter periods of vision loss,
between 2 weeks to a month, before surgery (see Table 1 for
demographic and medical information about the children). All
the children underwent the operation 4-6 days before the study.
The children’s legal guardians gave informed consent to their
participation in this study. In addition, the study was conducted
within the hospital setting while the children were under the care
of the hospital staff and adhered to the ethical guidelines of the
declaration of Helsinki.

2.2. Binocular rivalry

All subjects performed a binocular rivalry task and a depth
perception task. The subjects wore classic (generic) paper
3D viewing glasses in the binocular rivalry task. They were
presented with stimuli consisting of two superimposed cartoon
figures (cartoon figures were used as stimuli as the subjects
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TABLE1 Demographic and medical information about the children.

10.3389/fnins.2022.962817

Subject Gender Days from Schooling Type of Reported visual acuity
surgery cataract
RS Male 11 5 None Congenital Pre-op:
Right: Hand motion (HM)
Left: HM
Post-op:
Right: 6/36
Left: 6/6
HB Male 13 4 2 years Congenital Pre-op:
Right: 1/2 M
Left: HM
Post-op:
Right: 6/18
Left: 6/12
IG Male 14 6 2 years Congenital/ Post-op:
one eye Right: Counting fingers (CF) 1M
Left: 6/6
OB Male 7 6 None Acquired/ Pre-op:
one eye Right: Light perception (LP)
Post-op:
Right: 6/6
GA Male 7 5 None Acquired/ Pre-op:
one eye Left: LP
Post-op:
Left: 6/12
AC Female 10 5 2 years Acquired/ Post-op:
one eye Left: CF 2M
Lacking color perception
AB Male 12 5 1 year Acquired/ Post-op:
one eye Right: CF 2M
GH Female 10 5 2 years Acquired/ Post-op:
one eye Right: 6/6
Left: 6/6

were children) in red and blue (see examples in Figure 1D).
We asked participants to close one eye at a time to see
each figure separately and then to look at the image on the
screen with both eyes and report whether they see the two
figures alternating. In those with normally developed vision,
the simultaneous presentation of two different images in two
colors superimposed through the red/blue filter leads to a
well-documented perceptual phenomenon of image dominance
switching (Wade, 1998). The perceptual dominance of the
images changes such that only one image is perceived at a time,
with the images switching between them (coming in and out
of active perception) every few seconds (Miller et al., 2000;
Pettigrew, 2001; Blake and Logothetis, 2002).

On the other hand, when one eye or the other is covered,
only one image is perceived at a time without changing. This
phenomenon is closely correlated with the two-dimensional
information presented to our eyes from the outside world, which
is combined into a single three-dimensional representation
in the brain (Levelt, 1965). In this study, the children were
instructed to look at the images first with one eye, then with
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the other, then with both eyes while fixating their gaze on the
fixation cross at the top center of the image (Figure 1A).

2.3. Depth perception with the Brock
string task

In addition to the binocular rivalry task, all children
performed a Brock string task to test their ability to converge
the information acquired by their two eyes to create binocular
3D vision (Brock, 1955). The instrument employed in the task
is a white string with three beads, one green, one yellow, and
one red, placed along the string’s length at different intervals.
The string and beads used for the task were homemade and
not commercial instruments. One end of the string is held
precisely at the tip of the subject’s nose, while the other is
placed at a fixed location with the string pulled tautly. In this
task, the experimenter points sequentially at the three balls,
and the participant must gaze at them, reporting what they
(see Figure 1B). Participants prepared for ~1 min using the
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FIGURE 1

(A) A child in the study that had cataract removal surgery 4—6 days prior to undergoing the binocular rivalry task. (B) A child in the study
undergoing the Brock string task and binocular rivalry task. (C) Geometrical three dimensional (3D) shapes used for the three-dimensional
cross-modal object recognition task. (D) Superimposed images were used to test binocular rivalry. (E) Spatial grouping task based on geometric
cues from Dehaene et al. (2006) (detection of the outlier in each group of geometric cues, for example, the triangle among the quadrilaterals).

Translation Chiral Figures

string: the experimenter pointed sequentially to the different
balls on the thread, and the participants needed to direct their
gaze to the ball pointed to by the experimenter. If the beads
appear double to the subject, then it indicates an inadequacy
in the convergence of visual input. If one has binocular depth
perception, s/he will start to see two lines rather than only one
line.

2.4. Spatial grouping based on
geometric cues

Four children, RS, HB (the two who had bilateral congenital
cataracts removed), AC and GH (who had trauma-induced
cataracts removed and were close in age to RS and HB),
performed a spatial grouping task based on geometric cues
(Dehaene et al.,, 2006) in which they are shown six images—five
images depicting a specific geometric concept, and one outlier
which does not abide by the given regularity (for example, right
angles, or parallel lines). The children were asked to identify
the outlier among the given geometric groups (see, for instance,
Figure 1E).

2.5. Cross-modal object recognition

RS, HB, and IG were also tested for cross-modal object
recognition. During this task, they were asked to feel a
3D geometrically shaped wooden shape (store-bought generic
wooden blocks) they had never been exposed to before (using
touch alone-without seeing the shape as it was placed in a
black, opaque bag) corresponding to some of the shapes in a
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geometrical cues task (see below). They were asked to look at one
shape and report whether it was the same or different from the
shape they were touching; then, to match among alternatives:
look at two shapes and point to the one that matched the tactile
shape they were touching (Figure 1C-the same wooden shapes
they touched were placed on a table in front of them). This
task was repeated twice: once using 3D real shapes for visual
matching; once using 2D figures of the same shapes presented
on the computer.

2.6. Visual illusions

These three children were also tested on their perception of
visual illusions. The children were presented with classic visual
illusions: Length illusions: the Muller-Lyer (1889) illusion, the
vertical-horizontal illusion (Kiinnapas, 1955), and the Ponzo
(1911), Size illusions: Delboeuf (1865) and Ebbinghaus (1902)
illusions. In the length and depth illusions, the children were
asked whether one of the two lines appeared to be longer, while
in size illusions, they were asked whether one of the two circles
looked bigger (see Figure 2).

3. Results

3.1. Binocular rivalry

The two children with bilateral congenital cataracts removed
(RS and HB) did not show binocular rivalry despite reporting
that they accurately saw each image with the two eyes separately,
meaning that they did not see the two images alternating at any
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Length and monocular depth illusions
Muller-Lyer lllusion
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HB vV HB Vv HB V HB Vv
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Vertical-Horizontal lllusion
RS V RS V RS X RS X
HB X HB X HB X HB X
GV G Vv G V GV
Ponzo lllusion
3
A > v A
RS x RS x RS v RS v
HB X HB X HB v HB X
IG X IG v IG v IG X
Size illusions

Ebbinghaus lllusion
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IG v I X I X I X

Delboeouf lllusion
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HB X e X Hg X H8 X
IG X i X G X G X

FIGURE 2

The single subject susceptibility to visual illusions. V represents
the subject’s susceptibility to the illusion, and X means that the
subject was not susceptible to the illusion.

point of the task. IG, who had a congenital cataract in one eye
removed, did not report binocular rivalry. AC had a unilateral
trauma-induced cataract removed, lacked color perception in
the eye, and did not show binocular rivalry. The other children
showed binocular rivalry when tested 4-6 days after surgery.

3.2. Depth perception with the Brock
string task

If one has binocular depth perception, they will see two
lines crossing instead of only one line after some time. The
two children with bilateral congenital cataracts removed (RS
and HB) had no binocular depth perception. Four of the five
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children with unilateral trauma-induced cataract removals did
have depth perception. IG, who had a congenital cataract in one
eye removed, did not have depth perception during the task.

3.3. Spatial grouping based on
geometric cues

RS and HB (who had bilateral congenital cataracts
removed), compared to AC and GH, who had unilateral
trauma-induced cataracts removed, performed this task. Correct
identification of the outlier was considered to be a “success.”
All the children tested had no or minimal prior schooling.
The results showed that RS and HB (congenital cataracts)
outperformed AC and GH on this task with an average success
of 53% vs. 38%, much higher than the chance level of 16.6%. Of
course, it is difficult to reach generalized conclusion with such a
low number of subjects and trials, given the nature of this field
research (Figures 3, 4).

3.4. Cross-modal object recognition

RS and HB (who had bilateral congenital cataracts
removed), and IG (who had a unilateral congenital cataract
removed), underwent testing for cross-modal object
recognition. If the child correctly pointed to the visual
shape that matched the tactile shape they were touching, it was
considered a “success.” When tested 4-6 days after surgery,
the children after bilateral cataract removals showed very high
accuracy in both the 2D and the 3D conditions. RS and HB each
succeeded in 9/10 trials with an accuracy of 90% (much higher
than the 50% chance level), and IG succeeded in 6/10 with an

accuracy of 60%.

3.5. Visual illusions

A total of 4-6 days after surgery, RS, HB, and IG were
tested on visual illusions. RS and HB (who had bilateral
congenital cataracts removed) showed higher susceptibility to
length illusions (Muller-Lyer, Vertical-Horizontal, and Ponzo)
than to size illusions (Ebbinghaus, Delboeouf). This test was
binary. Either the child perceived the illusion or not. Higher
susceptibility, in this case, refers to the fact that the children were
influenced more by the length illusions than the size illusions (as
seen in Figure 2).

4. Discussion

In this case study, eight children underwent a battery of
numerous visual tests and tasks in a challenging field setting,
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FIGURE 3

The single subject average results on the spatial grouping task based on geometric cues from Dehaene et al. (2006) (chance level is 16.6% in
these tasks).

including the classic binocular rivalry red/blue filtered glasses on the Brock string task. In contrast, the other cases of trauma-
task and the Brock string task of depth perception. Of the induced and later onset/short-term cataracts did show these
eight children who participated in the study, Two of them were abilities. Out of the group, the two children with congenital
born with bilateral congenital cataracts, thereby experiencing cataract removals (bilateral and unilateral) were also tested on

true unobscured sight for the first time in their lives only in visual illusions and cross-modal correspondence. The children

the few days preceding the study. One child was unilaterally were susceptible to some depth illusions relying on monocular

cues, such as the Ponzo illusion. They showed high accuracy

congenitally blind, thereby experiencing binocular vision for ) o
S . in both the 2D and the 3D conditions of the cross-modal

the first time in his life. The remaining five were normally 1 .
correspondences task (the two with bilateral congenital cataracts

sighted children who lost vision in one eye due to trauma- . o
showed nearly ceiling-level accuracy). In addition, the two

induced cataracts. As such, these children served as important children with bilateral cataract removals were compared to two

control cases, representing age-matched children with normal children with trauma-induced cataract removals in a task of

visual development during the standard critical periods. The spontaneous use of geometric cues. In this task, the children
children with congenital cataracts were the only ones in the with bilateral congenital cataract removals displayed an even
group not to display either binocular rivalry or depth perception higher success rate than their peers.
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FIGURE 4
The single subject grand average success on the spatial grouping task.

4.1. The results in the context of the
theory of critical periods

Hubel and Wiesel’s Nobel prize-winning studies claim that
sensory deprivation, specifically of visual input in the early
stages of life, would prevent the rehabilitation of vision later in
life (Wiesel and Hubel, 1965; Hubel et al., 1977; LeVay et al.,
1980). On the one hand, the visual properties we observed in
the children who were deprived of vision during the critical
period (those who underwent bilateral or unilateral congenital
cataract removals) support the theory of critical periods (with
regard to binocular vision and depth perception in particular).
But on the other hand, some findings we observed in other tasks
hint at a different interpretation overall. It has been suggested
that the unnatural, immediate increase in visual acuity following
congenital cataract removal does not follow the course of events
of vision acquisition in newborns, which in itself may delay the
proper encoding of visual information in the period directly
following the surgery (Vogelsang et al., 2018).

In this study, when tested a few days after the surgery, the
children who underwent congenital cataract removal showed
neither binocular rivalry nor depth perception on the Brock
string test. The obvious and clear implication of this is that,
as expressed by Bach-y-Rita (1972), we see with our brains,
not with our eyes. Though the children’s eyes were no longer
occluded, and they achieved moderate-mild visual acuity (the
WHO defines mild visual acuity as worse than 6/12 to 6/18
and moderate visual acuity as worse than 6/18 to 6/60), their
higher-level visual processing of the information was not fully
established.

Interestingly, on the visual illusion tasks in our study, the
children who had congenital cataracts removed were susceptible
to some of the depth illusions that rely on monocular depth
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cues, such as the Ponzo illusion. This might indicate that at
the time of testing, a few days after surgery, the children were
at an intermediate stage of visual recovery. This is further
strengthened by our findings concerning cross-modal object
recognition and grouping based on geometric cues, and by
animal research that indicates sensory-motor stimulation can
promote recovery from visual deprivation (Baroncelli et al.,
2010; Levelt and Hiibener, 2012). The children’s success on
these tasks could represent the initial stages of development of
a sense of 3D in the visual domain. It is possible that recovery
of bilateral depth is not as quick as other aspects of visual
recovery, compared to the results of the other tasks, which the
children were able to perform at a level similar to the children
who underwent trauma-induced cataract removal. This point
is raised with caution, as we lack information concerning the
continued development of the children’s vision at a later time.
Yet we believe this indicates that further research into the long-
term visual recovery of children who have undergone bilateral
congenital cataract removal is particularly warranted.

4.2. A novel, objective method for
determining congenital (early) vs. late
blindness

As described above, the children’s results on the binocular
rivalry task and the Brock string task are particularly
interesting. Taken together, these two tasks seem to be the
primary distinguishing factor between congenitally blind
children and those who developed cataracts later in life.
We propose utilizing these two simple, straightforward
tests as a method of making this differentiation precisely
in the field. This is particularly important for, but not
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limited to, projects operating in low or middle-income
countries where access to medical records and documentation
is less readily available or even scarce (Roder et al,
2021).

To promote and reliably conduct research involving people
who have undergone cataract removal or other surgeries and
procedures for sight restoration in childhood or even adulthood.
Conducting research with these individuals necessitates a very
high degree of certainty that the study participants were indeed
devoid of vision from birth/very early life, specifically during the
critical periods (Roder et al., 2021).

Following our study’s findings, we propose a novel method
for retroactively identifying individuals born congenitally blind.
Potential subjects can be screened on the binocular rivalry task
and the Brock string task in combination a few days after
surgery. Our findings would allow the researcher to confirm
or disaffirm a congenital cataract diagnosis retroactively since
children with trauma-induced cataracts later in childhood could
perform these two specific tasks while children with congenital
cataracts were not.

4.3. Replication and extension of
previous studies on cross-modal
correspondence following congenital
cataracts

The children’s results on the cross-modal object recognition
tasks and the spatial grouping based on geometric cues have
significant scientific and philosophical implications. Cross-
modal object recognition tasks are historically based on
a philosophical thought experiment known as Molyneux’s
problem (Ferretti and Glenney(eds), 2021). Molyneux, whose
wife was blind, pondered upon whether a blind person who
could recognize objects by touch would be able to recognize
those same objects by vision, were his/her vision miraculously
restored. Molyneux pondered whether sighted and touch can
or cannot be linked immediately upon first sight Molyneux’s
answer to his proposed question was that they cannot, a stance
backed by his friend Locke (1847) and further agreed upon and
expanded by George Berkley. Berkley (1709) further stated that
visual experience gained by the blind upon visual restoration
represents a “new set of ideas, perfectly distinct and different
from the former, and which can in no sort make themselves
perceived by touch.” This philosophical stance represents that
of the empiricists, who opposed the idea that there are innate
amodal mechanisms in common between the senses and that
true sensory knowledge can only be gained through modality-
specific sensory experience.

Previous research conducted on children following
congenital cataract removal surgeries through Project Prakash
found evidence that was consistent with Molyneux’s idea in that
the children could not immediately correspond between what
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they saw and what they had felt (Held et al, 2011). Yet they
showed that the children’s abilities to perform this matching
improved rapidly, developing within a few days. Another study
by Chen et al. (2016) also showed very rapid development of
these abilities in a child who had undergone cataract-removal
surgery in under 2 days, concluding that the merging between
the senses is “prearranged.” Our results are consistent with
these findings, as the children in our study reached nearly top
performance on this task when tested a few days following their
surgeries after having never encountered these items in the
visual domain. In addition, unlike Held et al. (2011), the stimuli
used in our study were naturally occurring geometric shapes,
further correlated to the task of spatial grouping by geometric
cues (as expanded upon below). Held et al. (2011) suggested
that the performance improvement may be due to their ability
to create a three-dimensional visual representation. Yet, the
children in our study (who had congenital cataracts removed)
could not create three-dimensional representations at the stage
at which they could perform with very high accuracy on the
cross-modal object recognition task.

So while our findings are consistent with those of Held
et al. (2011) who show the development of this ability in such
a consistently rapid way. We interpret these findings differently
with respect to the conclusion drawn with respect to Molyneux’s
problem. We claim that the extremely rapid development of this
ability, within days following surgery, could serve as evidence
for precisely the opposite interpretation, an uncovering of innate
preexisting connections between these senses (Chen et al., 2016;
Bola et al., 2017; Maimon and Hemmo, 2022) or a re-calibration
(Gallagher, 2020). This interpretation, which we believe is
warranted by the findings, supports an amodal understanding
of brain development and structure. This is further supported
by the results of this study concerning spatial grouping based
on geometric cues. This interpretation is supported by prior
research conducted in our lab that has shown that the lateral-
occipital tactile-visual area (LOtv) is an area activated by visual
and tactile exploration of objects (Amedi et al., 2002) that can
also be activated in the blind for processing object shapes after
training with a visual to auditory sensory substitution device,
indicating that this area is involved in the task of processing
the geometry and shape of objects, irrespective of the sensory
modality through which the information was conveyed (Amedi
et al., 2007).

4.4. Replication and expansion of
previous studies on the spontaneous
emergence of geometry concepts in
congenital cataracts

Spatial grouping tasks based on geometric cues have
been used in prior research to show that spontaneous
geometry intuitions arise independently from education in
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normally sighted Amazonian adults (Dehaene et al.,, 2006).
This research was later expanded in our lab, showing that
geometric knowledge and reasoning develop irrespective of
vision (Heimler et al,, 2021). This study showed that both
normally sighted blindfolded people and the congenitally blind
showed geometrical sense driven by touch alone. The results
of this current study further strengthen and elaborate on these
findings, now repeating the task for the first time via vision.
The four children tested on this task in our study had very
little formal education, with RS having never attended school
at all and the other three children reaching up to second-
grade education. The findings showed that all four children
(RS and HB, who underwent surgery for bilateral congenital
cataracts, and AC and GH, who underwent surgery for unilateral
trauma-induced cataracts) performed above chance level, with
RS and HB performing better than their peers who were
born with intact vision. These findings further support the
amodal nature of the brain, at least for geometry, and the
innate preexisting links between the senses. More generally,
these findings support the revised “neuronal recycling theory
(Dehaene, 2005; Dehaene and Cohen, 2007)” that posits a task-
selective, sensory independent interpretation of specialization
in the brain (Striem-Amit et al. 2011, 2012a; Reich et al,
2012; Heimler et al,, 2015; Amedi et al., 2017). Under this
interpretation, areas such as the visual cortex are not “visual”
per se as they do not undergo specialization for vision but
rather undergo specialization for performing a specific task
(where usually vision is the most accurate and easy way to
perform the task) and thereby can be activated by corresponding
information delivered through other senses. For example, the
Lateral Occipital Cortex (LOC), commonly correlated with
visual object and shape recognition, could be recruited for
processing 3D geometric shapes, irrespective of the sensory
modality through which the information was provided, as was
indeed shown in Amedi et al. (2001).

Another example would be the Visual Word Form Area
(VWFA) commonly associated with visual letter recognition.
the task
interpretation, this area would be designated for the task

According to selective, sensory independent
of symbol-to-phoneme conversion (independent of the visual
modality), as supported by Striem-Amit et al. (2012b). There
are many more such examples of task selectivity as opposed
to sensory-dependent organization. For a full review, see
Amedi et al. (2017). Similar views of the brain as a-modal or
supramodal (see Pascual-Leone and Hamilton, 2001; Kupers
and Ptito, 2011; Ricciardi et al., 2014; Cecchetti et al., 2016) fit

well with this notion and theory.

4.5. Limitations and future directions

A practical limitation of the study pertains to the partial
nature of the children’s medical histories, which were reported
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by the parents, and the lack of digitized medical data related
to the children and their medical reports (the post-operative
surgical report was handwritten). Due to this partial or illegible
information, we did not, for example, have data concerning
some of the children’s pre-op visual acuity. Furthermore, as
these results represent the individual cases of the experiences
of a number of children, the results cannot be generalized.
Yet, we feel that this research indicates several future study
directions. With respect to future directions, we suggest
implementing this battery of tests on children undergoing
congenital cataract removal, with data acquired pre-surgery,
immediately following surgery, and months after surgery. This
way, the progressive development can be tracked, further
shedding light on the questions and issues we have discussed.
In addition, future research on the neural underpinnings of
children’s visual recovery in similar circumstances is warranted
to further elucidate the link between the behavioral and
the neurological. As such, fMRI studies can be conducted
pre and post-surgery to investigate the mechanisms in the
brain corresponding to the visual experiences of the children
following surgery. This study presents a select few of the
many lessons to be learned from these cases regarding the
deepest aspects of visual development specifically and the
profound interaction between the sensory experience and the
brain more generally.

5. Conclusion

This study focused on the visual and geometry abilities
of children who had undergone cataract removal surgery
at Quiha hospital in Ethiopia as part of the Himalayan
Cataract Project. The findings of the study reveal, first and
foremost, that out of the cohort of children, those with
congenital cataracts did not exhibit binocular rivalry, nor
did they show depth perception when tested with the Brock
string test. These two tests clearly delineated the congenitally
blind children from the normally sighted at birth (who
developed cataracts later in life). As such, we novelly propose
the utilization of these two tests in retroactively confirming
the blindness status of a child, particularly in cases where
medical history and records are lacking. In addition, the
current study replicates and expands upon previous studies
conducted on cross-modal correspondence following congenital
cataract removal in children. The children in this study
reached nearly ceiling-level performance on the cross-modal
correspondence task when tested a mere few days following their
surgeries. Finally, this study strengthens the findings of previous
studies indicating that geometry concepts arise independently
from experience and education, thus supporting a task-
selective, sensory-independent interpretation of specialization
and development in the brain.
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Introduction: Congenitally deaf cats perform better on visual localization tasks than
hearing cats, and this advantage has been attributed to the posterior auditory field.
Successful visual localization requires both visual processing of the target and timely
generation of an action to approach the target. Activation of auditory cortex in deaf
subjects during visual localization in the peripheral visual field can occur either via
bottom-up stimulus-driven and/or top-down goal-directed pathways.

Methods: In this study, we recorded visually evoked potentials (VEPs) in response
to a reversing checkerboard stimulus presented in the hemifield contralateral to the
recorded hemisphere in both hearing and deaf cats under light anesthesia.

Results: Although VEP amplitudes and latencies were systematically modulated by
stimulus eccentricity, we found little evidence of changes in VEP in deaf cats that can
explain their behavioral advantage. A statistical trend was observed, showing larger
peak amplitudes and shorter peak latencies in deaf subjects for stimuli in the near-
and mid-peripheral field. Additionally, latency of the P1 wave component had a larger
inter-sweep variation in deaf subjects.

Discussion: Our results suggested that cross-modal plasticity following deafness
does not play a major part in cortical processing of the peripheral visual field when
the “vision for action” system is not recruited.

deafness, hearing loss, cross-modal plasticity, cortical magnification, EEG

Introduction

Visual enhancement in the far-peripheral visual field of congenitally deaf humans and
animals is one of the most impressive examples of compensatory cross-modal plasticity (Neville
and Lawson, 1987; Bavelier et al., 2000; Lomber et al., 2010). In cats, the neural mechanism of this
observed enhancement has been demonstrated to involve deaf auditory cortex. Deactivation of
the region posterior to primary auditory cortex (i.e., the posterior auditory field, PAF) decreases
enhanced visual localization performance in deaf cats to a level no different from hearing
cats, indicating its involvement (Lomber et al, 2010). It is particularly interesting that the
greatest enhancement of visual localization in deaf cats is observed at the largest eccentricities
(furthest into the periphery), suggesting they rely more on visual cues for orientation behavior.
Conversely, in hearing cats, auditory cues contribute more significantly to orientation behavior
whereas visual cues in the far periphery are less significant.

Visual orientation, in its most general definition, includes any visually guided behavior where
gaze is redirected toward a target, e.g., predator or prey (primates: Lisberger and Fuchs, 1978a,b;
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grasshopper: Szentesi et al.,, 1996; cat: Lomber and Payne, 2004),
through movement in the body, head, and/or eyes (gaze). Orientation
behavior is a vital neurological function for survival that involves
both cortical and subcortical circuits. The superior colliculus (SC)
is deemed as the most prominent modality-unspecific sensorimotor
hub in mammals (King, 2004), which acquires the retinotopic map
of its direct visual inputs from retinal ganglion neurons and receives
modulation of its indirect inputs from cerebral cortex (Schiller et al,,
1974; Mize and Murphy, 1976). In primate cortex, it has been
identified that neurons in the frontal eye field respond specifically
to locations in the visual field, that correspond to either the location
of the visual stimulus or the destination of the intended saccade
(Thompson et al.,, 2005). It is proposed that visual orientation (or
saccadic eye movement, to be more specific) is triggered by a
combination of neuronal activity related to both stimulus-driven
bottom-up visual processing and goal-directed top-down motor
generation. Human behavioral experiments have shown that subjects
can make faster saccade responses when the visual stimulus is more
salient, or when the target location is easier to predict (Marino and
Munoz, 2009).

Considering permanent lesion or reversible deactivation studies,
cat area 5 and part of area 6 have been found to be essential for
the action of orientation behavior, as their deactivation eliminates
both acoustic and visual localization (Malhotra et al., 2004). Some
other areas are essential for acoustic-specific orientation, such
as the primary auditory cortex, PAE, and anterior ectosylvian
sulcus (AES) (Malhotra et al., 2004). Areas such as the posterior
middle suprasylvian sulcus (pMS), dorsal posterior ectosylvian gyrus
(dPE), and posterior suprasylvian sulcus (PS) are critical for visual
orientation (Lomber and Payne, 2004). In cat auditory cortex, many
areas including PAF contain neurons that respond to sound for
selective source locations (Stecker et al., 2003; Lee and Middlebrooks,
2013). It has also been shown that AES in deaf cats is implicated in
visual rather than auditory localization following cross-modal plastic
changes (Meredith et al, 2011). It is unclear whether activity in
AES contributes to the bottom-up, stimulus-driven, or top-down,
goal-directed pathway.

Previous human studies have found that visually evoked
potentials (VEPs) in congenital deaf subjects demonstrated shorter
peak latency in early VEP component N85 (Hauthal et al.,, 2014), and
larger magnitudes in P100 (Hauthal et al., 2014), N150, and P230
(Neville et al.,, 1983) when compared to normal hearing subjects.
In cochlear-implanted children, shorter latency of the visual N1
component (Corina et al,, 2017) and the higher occurrence and
amplitude of oscillations in the N1-P2 complex (Campbell and
Sharma, 2016) were found in comparison to normal hearing subjects.
Brain imaging studies have also shown that areas in auditory cortex
were activated by visual stimulus in deaf sign language users (Fine
et al,, 2005), in congenital deaf (Finney et al., 2001, 2003; Scott et al,,
2014), when compared to hearing volunteers.

To investigate the stimulus-driven neural activity associated with
visual localization, we recorded VEPs in response to a checkerboard
stimulus present at one of seven eccentricity markers, between 0 and
90 degrees away from the midline in hearing and deaf cats under
light anesthesia. Although VEPs are widely used in research and
clinical applications (e.g., Laron et al,, 2009), we were surprised to
find that no existing documentation of VEP studies included far-
peripheral stimuli as done previously in a cat visual localization task
(Lomber et al., 2010). As expected, VEPs decayed exponentially with
increasing eccentricity in both the hearing and deaf groups. However,
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we did not see a dramatic difference in VEPs between the two groups,
suggesting a lack of cortical cross-modal plasticity involvement in
sensory processing of the peripheral visual field.

Materials and methods

All procedures were conducted in compliance with the National
Research Council’s Guide for the Care and Use of Laboratory
Animals (8th edition; 2011) and the Canadian Council on Animal
Care’s Guide to the Care and Use of Experimental Animals (1993).
Furthermore, the following procedures were approved by the Animal
Care Committee for Faculty of Medicine and Health Sciences at
McGill University.

Deafening

Early deafness was produced in five cats using systemic
ototoxic procedures. Before 21 days postnatal, three kittens received
co-administration of subcutaneous kanamycin (300 mg/kg) and
intravenous furosemide (2 mg/mL to effect; Valent Pharmaceuticals,
Laval, QC, Canada). This drug combination has been identified
to damage cochlear hair cells and induce profound, bilateral
deafness (Schwaber et al., 1993). Throughout the procedure, auditory
brainstem responses (ABRs) were measured to monitor the degree of
hearing loss. Two other newborn cats received neomycin daily from
the day of birth to between postnatal days 26 and 28 (Leake et al,,
1991, 1997) before ABRs showed profound hearing loss. All five cats
were confirmed deaf (click ABR threshold higher than 80 dB HL) in
a follow-up ABR procedure at least 3 months later.

Animal preparation and anesthesia

In total, 12 cats (7 hearing and 5 early deaf) were examined.
One hearing subject was excluded for poor signal quality leaving
both groups with comparable sex and age distribution (hearing:
71.4% female and mean age 4.2 years; deaf: 60% female and mean
age 3.1 years). After the subject was sedated using 0.04 mg/kg
dexmedetomidine (Dexdomitor, Zoetis) injected intramuscularly,
the left eye was occluded using a hard black contact lens so that
visual stimuli were presented unilaterally. Phenylephrine (Mydfrin,
Alcon) was applied to the right eye to dilate the pupil, and saline
drops were used as lubrication. Hearing subjects were also ear-
plugged to minimize auditory input. During stimulus presentation
and EEG recording, the anesthesia level was closely monitored and
remained stable so that there were rarely any cases of artifact from
subject movement in the raw signal. Data collection was terminated
either by 45 min after the injection or at the end of the session
during which any sign of subject movement was noticed. After
removing the electrodes, contact lens, and ear plugs, the subject
received an intramuscularly injection with 0.4 mg/kg atipamezole
(Antisedan, Zoetis) to facilitate recovery from sedation. Given the
large range of stimulus eccentricities selected (0-90 degree), the
minor horizontal eye movements previously reported in anesthetized
but non-paralyzed cats (O’Keefe and Berkley, 1991) should not
confound the effect of stimulus eccentricity. As such, our subjects
were maintained in centrally-gazed position without the use of
neuromuscular blockers.
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Visual stimulation

The visual stimuli were presented to subjects from a 30-inch
2,560-by-1,600 LED screen with 178-degree horizontal and vertical
viewing angles (Dell, U3014). To cover a wide azimuth range of visual
field, the screen was placed 6.5 inch away from the right eye to the
45-deg front-right of subject (Figure 1A). The stimulus used to evoke
VEPs was 12-deg-wide circular checkerboards with dartboard pattern
(3 concentric rings, 8 divisions per ring). To occupy roughly the
same size of visual field from the cat’s perspective, stimuli presented
on the screen were the warped projection of the checkerboard,
depending on how much stimulus eccentricity (0-, 15-, 30-, or 45-
deg) deviated from 45 degrees (Figure 1C). For the same reason,
the luminance of the bright cells in the checkerboard was calibrated
to 100 cd/m? individually for each eccentricity from different angles
(Konica Minolta, L.S160).

All stimuli were programmed and controlled with PsychToolbox
(Brainard, 1997; Pelli, 1997; Kleiner et al,, 2007) run on MATLAB,
rendered by a graphic card (AMD, Radeon HD 6800 Series), and
transited at a video processing unit (Cambridge Research System,
Bits#) for generating stimulus timestamps. Once a subject was under
stable sedation, EEG data was collected while visual stimuli were
presented for 10 to 20 sessions (Figure 1B). Each session lasted
for ~1.5 min, consisting of 7 blocks for different eccentricities in
randomized order. In each block, the stimulus inverted 20 times
(i.e., 20 sweeps), with inter-sweep interval randomly set between 500
and 550 milliseconds. Between two blocks, there was a 2-second-
long black screen. At the end of each session, the level of sedation
was re-evaluated, with measurement of heart rate, SpO2, respiration,
and electrode impedances taken if needed, before starting the next
session.

EEG recording and signal processing

Three 25G stainless steel needles were placed subcutaneously
as recording electrodes. The active electrode was placed near the
midpoint of subjects interaural line, while the reference electrode
was placed inferior to the right ear (ipsilateral to the side of
visual stimulation). The ground electrode was placed on subject’s
dorsum. The impedance of both active and reference electrodes
was maintained below 3 kOhm during recording. The signal was
amplified and digitized with a pre-amplifier (TDT, RA4LI/RA4PA),
streamed onto a digital signal processor (TDT, RZ2), and stored on a
computer hard drive.

All data analysis was performed offline. The signal was digitally
filtered between 1 and 30 Hz (about 10 dB/octave roll-off) and notch-
filtered at 30, 60, 120, 180, and 240 Hz, before epochs were extracted
from 80-ms pre-stimulus to 400-ms post-stimulus. All epochs were
demeaned with their pre-stimulus baselines individually, before being
grouped by stimulus eccentricity and further processed separately
(e.g., averaging or resampling).

Data analysis

Root-mean-square values were obtained using MATLAB built-
in function rms(). Each averaged waveform was separated into an
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80-ms pre-stimulus zero-mean baseline window and 400-ms post-
stimulus response window, producing two RMS values, respectively.
The corrected RMS value was calculated as in the following equation:

RMScorrected = \/ RMsresponse 2 RMShaseline 2

Curve fitting of the corrected RMS as a function of stimulus
eccentricity was performed in MATLAB and its Curve Fitting
Toolbox™. We first obtained the initial values for the model
coeflicients using function polyfit(), where the corrected RMS values
were first converted into logarithmic space for exponential modeling.
Then, function fit() was used to fine tune the model coeflicients with
customized anonymous functions RMSopecreq = a - elEecentricity
for exponential modeling, and RMSyyrecteq = k - Eccentricty + b for
linear modeling, and to evaluate the goodness of fit.

To analyze peak components (N1, P1, and N2 components),
we first manually determined a window surrounding the candidate
of interest by interactively overlaying a pair of cursors with the
averaged VEP waveform. This process was visually guided with
graphical information including polarity, amplitude, latency, as well
as the entire waveform and other peak components. Bounded by
this window, either a minimum or maximum was identified with
MATLAB built-in function min() or max() for the calculation of
amplitude and latency.

To quantify the inter-sweep variability, we chose 18 out of total 20
sweeps (90%) before averaging to generate 190 resampled waveforms
for each stimulus eccentricity in each subject. Here we only included
the first 10 sessions, even when there were more sessions recorded
in some subjects. The reference latency was determined from
the waveform averaged from all 200 sweeps in the same way as
described above. In each resampled waveform, the peak with a latency
closest to the reference latency was taken as a resampled latency.
Probability density functions, which were re-centered to the reference
latency, were given by MATLAB built-in function ksdensity(). Mean
absolute deviations (MADs) were calculated using MATLAB built-in
function mad().

Statistical analysis

For corrected RMS values, peak amplitudes and latencies of the
three components, we adopted two-way mixed-design ANOVA with
deafness as the between-group variable and stimulus eccentricity as
the within-group variable. As the motivation of the current study is
to compare VEP traces between hearing and deaf cats, we enforced
the “simple effect” test at each of seven stimulus eccentricity levels,
regardless of whether the main effect of deafness is significant. Due
to a small sample size in this study, both parametric (two-sample
Student’s t-test, t-test2() in MATLAB) and non-parametric (Mann—
Whitney U test, ranksum() in MATLAB) methods were used, and
the largest p-values of the two tests were used to report statistical
significance, without correction for multiple comparison. For latency
jitter MADs, data of different stimulus eccentricity from different
subjects were pooled together for comparison between hearing and
deaf cats. The effect of deafness on MADs was examined by ANCOVA
with peak amplitude as a covariate. All statistics were performed in
MATLAB and its Statistics and Machine Learning Toolbox ™.
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FIGURE 1

Experiment design and recording timeline of each subject. (A) A top-view diagram showing how checkerboard stimuli of varying eccentricity were
present to animal subject and corresponding VEP waveforms for each eccentricity. (B) A timeline of recording for each subject. (C) Stimuli viewed from
subject’s perspective.

Results (Figure 2). For the smaller eccentricities (upper rows), the VEP

waveforms were not distinctively different between the two groups.
In this study, we recorded VEPs in response to checkerboards However, the VEP responses seemed to scale down more drastically

presented at seven different eccentricities, from 0 to 90 degrees, i deaf subjects than in hearing subjects as stimulus eccentricity
in seven hearing and five early deaf cats. The recorded data in all increased.

except for one hearing subject were of good quality, in respect to the

signal-to-noise ratio, and were further analyzed and reported below.

Root-mean-square (RMS) level
Waveforms To quantify VEP responses with the least in prior bias, we
calculated the noise-corrected root-mean-square (RMS) of the
waveform in the entire post-stimulus window (i.e., 400-ms) for
each subject and compared between hearing and deaf groups

First, we vertically stacked the averaged VEP waveforms for
each hearing and deaf subject in the order of stimulus eccentricity
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Averaged VEP waveforms for different eccentricities of each subject. (A) Waveforms from the data collected from 6 hearing cats, grouped by subject and
stacked in each column. Stimulus eccentricity increases for the waveforms from the top (central) to the bottom (90 deg). (B) Waveforms of 6 deaf cats.
Same scalars are applied to both hearing and deaf waveforms. Horizontal, 200 ms. Vertical, 50 LV, negative-up.
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(Figure 3). In both groups, the median of the corrected RMSs decayed
monotonously with increasing eccentricity (Figure 3A). A two-way
mixed-design ANOVA showed that the effect of stimulus eccentricity
was significant [F(6,54) = 52.02, p < 0.001], but not the effect of
deafness or the interaction between eccentricity and deafness. For
stimuli at the 45-degree and 60-degree eccentricities, the median
of RMSs in the deaf group was higher than the hearing group
with a large effect size quantified as Cohen’s d (see Table 1). We
also investigated the effect of stimulus eccentricity and the trend
of decay in RMS at the individual subject level (Figure 3B). Both
non-linear and linear models were adopted to fit the RMSs as
a function of eccentricity. All 11 subjects fit well with the two-
coefficient (gain and decay) exponential model with an adjusted r2
above 0.75 (Figure 3C). Three deaf and five hearing subjects fit better
with a non-linear exponential model than the linear model. A paired-
test comparison of the Fisher’s Z-transformed adjusted r? values
showed that the advantage of the non-linear model was statistically
significant (¢1p = 2.26, p = 0.047 < 0.05). However, the gain yielded
from the model fitting was not different between the two groups
(Figure 4A). The decay rate was slightly higher in the deaf group
(U =42, p = 0.030 < 0.05) (Figure 4B).

From the analysis of RMSs, we found that there was no main
effect of early deafness on the overall amount of cortical activation
by the checkerboard stimuli. The visual activation, however, was
modulated by stimulus eccentricity exponentially, in an analogous
way for both hearing and early deaf cats.

TABLE 1 Effect size for the comparisons between the two groups.

Peak amplitude Peak latency

CNL | PL| N2 | N1 | PL | N2
0 —0.07 | —028 | —025 | —0.12 | —0.81 | —0.38 @ —0.07
15 —057 | —045  —0.53 | —073 | —02 | —0.68 | 005
30 —093 | 177 | —125 | —0.75 | —0.13 | —0.3 1.09
45 —121 | =053 | —151 | —114 | 077 0.74 243
60 ~11 —09 | —124 | —062 | 0.06 0.02 0.52
75 —086 | —055 —094 —066 034 0.25 0.88
90 —054 | —036 | —0.59 | 0.02 062 | —0.12 | 001

Bold values represent the effect size larger than 1.
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N1-P1-N2 complex

Next, we investigated the VEPs by different peak components.
The VEP waveforms of all subjects showed at least 3 components,
which are referred as N1-P1-N2 complex and characterized by
the pattern of their peak polarities, relative amplitudes, and peak
latencies. According to the VEPs from the total 12 subjects in the
current study, it started with a negative component N1 peaking at
54~144 ms, followed by a positive component P1 peaking at 86 ~
189 ms, and ends with a second negative component N2 peaking at
178~367 ms. In four subjects (3 hearing and 1 deaf), there were extra
peaks between N1 and P1, which were not further analyzed.

We started with the exploration on how the peak amplitude
of each component was affected by the stimulus eccentricity and
early deafness (Figure 5). All three components showed a clear
trend of decrease in amplitude with increasing eccentricity [N1:
F(6,54) = 27.07, p < 0.001; P1: F(6,54) = 21.73, p < 0.001; N2:
F(6,54) = 20.98, p < 0.001]. However, the difference between the
hearing and deaf groups was not significant. For individual stimulus
eccentricity, the deaf group showed larger peak amplitude with a
large effect size (a) in the N1 component for stimuli present at 30-
degree eccentricity, (b) in the P1 component for stimuli present at
30-, 45-, and 60-degree eccentricity, and (c) in the N2 component
for stimuli present at 45-degree eccentricity, when compared to the
hearing group (see Table 1).

We also examined how the peak latency of each component was
affected by the stimulus eccentricity and deafness (Figure 6). Both
N1 and P1, but not N2, showed prolonged latency with increasing
eccentricity [N1: F(6,54) = 538, p < 0.001; P1: F(6,54) = 12.36,
p < 0.001]. For individual stimulus eccentricity, only N2 component
revealed a shorter peak latency in the deaf group than the hearing
group [F(1,9) =7.49, p = 0.023 < 0.05], especially for stimuli present
at 30- and 45-degree eccentricity (see Table 1).

Although the increase of peak amplitude and shorter peak
latency in early deaf cats reported above showed minimal statistical
significance, they seemed to preferably occur for middle-peripheral
visual field (e.g., 30-, and 45-degree eccentricities). In contrast to
the lack of group differences found with RMS level, the trend of
an increase in peak amplitude and a shorter peak latency suggests
that the signal morphology was more sensitive to the effect of early
deafness than the RMS values of VEPs. The trend we found is also
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FIGURE 3

Fitting Model

Corrected Root-Mean-Square (RMS) as a function of stimulus eccentricity. (A) RMS over a 420-ms post-stimulus window corrected with an 80-ms
pre-stimulus baseline. Dot, data for individual subject. Bar, median. (B) Curve fitting with an exponentially decay model carried out for each of 6 hearing
and 5 deaf subjects. (C) Goodness of fit. Top, adjusted R2 compared between hearing and deaf group. Bottom, Fisher's Z scores of the adjusted R?
derived from exponential and linear fitting for each subject. *p < 0.05; ***p < 0.001 for the main effect of eccentricity.

consistent with previous studies of VEPs in deaf human subjects
(Neville et al., 1983).

Inter-sweep variability

Finally, we explored the inter-sweep variability of the peak
latencies of N1 and P1 components. For each subject, 190 re-
samples were taken by averaging 90% of the sweeps (i.e., with 2
sweeps per session excluded for each resampling average). The jitters
of the resampled peak latencies followed a bell-shape distribution,
with its width becoming larger as stimulus eccentricity increases
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(Figure 7A), because of larger inter-sweep variability. Hearing cats
showed a smaller inter-sweep variability, especially at near-peripheral
visual field (15- and 30-degree eccentricities) than deaf cats. This
trend was even more apparent when the mean absolute deviations
(MAD:s) of the jitters were quantified and plot as a function of the
peak amplitude (Figure 7B). We performed an ANCOVA analysis
regarding the effect of early deafness on MADs of latency jitter
with peak amplitude as a covariate. We found a significant increase
of MADs in early deaf cats compared to hearing cats for only P1
component [F(1,72) = 8.52, p = 0.005 < 0.01]. N1 component did

not reveal such difference of statistical significance, neither was P1
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FIGURE 4

Comparison of model parameters between hearing and deaf subjects.
(A) The fitting coefficient representing the gain of the model, which is
equivalent to the model-estimated RMS at central eccentricity. (B) The
fitting coefficient representing the rate of decay, which is equivalent
to the amount of eccentricity increase that predicts 50% of RMS at
central eccentricity. Top, model and 50% thresholds for each subject
separated by group. Bottom, 50% threshold compared between
hearing and deaf. *p < 0.05.

component without holding peak amplitude as a covariate. Our
findings revealed an increase in VEP variability for early deafness that
is specific to the P1 component. The larger variation identified within
each deaf cat subject was similar to the larger individual differences
in the VEP topographical distribution found in cochlear implanted
subjects (Buckley and Tobey, 2011).

Discussion

In this study, we presented a checkerboard stimulus at seven
different eccentricities, ranging from 0 to 90 degrees away from
the midline, and compared the pattern-reversal visually evoked
potentials (VEPs) between hearing and deaf cats. Overall, we
observed no significant difference in response RMS values between
the two groups, although some waveform components had larger
amplitudes and shorter latencies in the deaf group, particularly
for near- or mid-peripheral eccentricities. However, the inter-sweep
variation analysis showed more variable latency in the deaf group for
the peak component occurring about 100-ms post-stimulus.
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The effect of deafness on VEPs

Considering previous findings in both behavioral studies
(Lomber et al, 2010) as well as human VEP studies (Neville
et al,, 1983; Hauthal et al,, 2014), it might be expected that VEPs
would be larger in the deaf compared to hearing cats, especially at
far-peripheral (60-, 75-, 90-degree) eccentricities. However, as we
proposed in the introduction and evidenced by our data, that may
not be the case.

In the visual localization task of an earlier study (Lomber
et al,, 2010), animal subjects were alert and motivated by reward in
orienting/approaching the locations of visual stimuli, where the visual
stimuli had small size (less than 1-degree) and locations randomized
trial to trial. In the VEP recording of the current study, animal
subjects were sedated, not previously trained on a visual localization
task, and the stimuli were larger in size (6 degree) and repeated for 20
trials at the same location.

When subjects are neither alert nor responsive, visual neurons
with motor functions involved in eye movement tasks may make
no or little contribution to the visual responses evoked by stimulus.
While there is little information on how head movements modulate
cortical visual neurons in cats (Straschill and Schick, 1977), many
studies have shown the effect of eye movements on visual neuron
in both cats (Guitton and Mandl, 1978a,b; Toyama et al., 1984; Yin
and Greenwood, 1992; Weyand and Gafka, 1998) and non-human
primates (Colby and Goldberg, 1999; Glimcher, 2001; Munoz, 2002).

In macaque monkeys, a large proportion of neurons in the
frontal eye field (FEF) show no response to visual stimuli but
reliable pre-saccadic activities for certain areas of the visual field,
which are therefore deemed “movement” neurons (Glimcher, 2001).
In contrast, most neurons in the lateral intraparietal area (LIP)
demonstrate visual receptive field and their responses are modulated
by stimulus saliency and task-relevance (Colby and Goldberg, 1999).

Compared to hearing cats, visual orienting behavior is improved
in deaf cats, where accuracies of orienting to peripheral targets is
increased (Lomber et al.,, 2010). This implies that neuronal function
must be enhanced in visual representations and/or motor planning.
The deactivation of deaf PAF eliminated the improved performance
in the peripheral visual field (Lomber et al.,, 2010), which suggests
that neurons in PAF acquire some functions in visual representations
and/or motor planning. While there is still no evidence of visual
responsiveness of PAF neurons in either hearing or deaf cats,
cortical deactivation experiments show that PAF in hearing animals
is involved in auditory localization (Malhotra et al., 2004; Malhotra
and Lomber, 2007) and that PAF neurons are better tuned for sound
location than Al or AAF (Harrington et al.,, 2008). Therefore, neurons
in PAF in hearing cats may already carry information of space
required for the motor planning in visually guided orienting behavior,
and may acquire functions in processing visual inputs following
deafness.

Cat area 6 has been suggested as a homologue to primate FEF.
Microstimulation in the banks and fundus of the perisylvian sulcus or
the ventral bank of the cruciate sulcus in anesthetized cats produces
saccadic eye movements, neck EMG activity (Guitton and Mandl,
1978a,b), and neuronal activity in superior colliculus (Meredith,
1999). However, only a small fraction of neurons in these areas
demonstrated pre-saccadic activity in alert cats, but with a larger
population being visually responsive (Weyand and Gafka, 1998).
Although some neurons showed preference for certain eye movement
direction, there is a lack of evidence for the behavioral relevance of
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FIGURE 5

Peak amplitudes of three VEP components (N1, P1, and N2) as a function of stimulus eccentricity. (A) Peak amplitudes quantified from the N1
component, which is defined as the first negative deflection after stimulus onset. (B) Peak amplitudes quantified from the P1 component, which is
defined as the first positive deflection after N1. (C) Peak amplitudes quantified from the N2 component, which is defined as the last negative deflection.
Dot, individual subject; bar, median; ***p < 0.001 for the main effect of eccentricity

these neurons as in primate FEF. However, area 6 may still serve as
another potential target of cross-modal plasticity following deafness,
by actively participating in the motor planning of eye and head
movement.

While further investigation is still needed to support this
hypothesis, we propose that a large proportion of functional cross-
modal plasticity in cortex following deafness may reside in neural
circuits associated with motor planning rather than those associated
with visual processing.

It is also worth noting that neuromodulation systems, such
as the dopaminergic (Anderson et al, 1994; Weil et al, 2010)
and noradrenergic (McLean and Waterhouse, 1994; Trevifo et al,
2019) systems, associated with reward and alertness, respectively,
are actively involved in visually guided behaviors, as well as general
task performance. Therefore, another possible explanation for the
increased accuracy of peripheral visual localization in deaf cats may
be found during the task training process, where reward are used to
maintain subjects alertness and motivation to perform the task.

Frontiers in Neuroscience

The influence of dexmedetomidine

We did not attribute our negative results to the use of
anesthetic agent, i.e., dexmedetomidine, because the anesthesia or
sedation induced by dexmedetomidine is uniquely different from the
other anesthetics, such as propofol and isoflurane, which directly
interact with the GABAergic system (Hemmings et al., 2005) and
may profoundly attenuate VEPs depending on their dosage (Sebel
et al,, 1986; Tanaka et al, 2020). One study has shown that the
administration of dexmedetomidine does not affect VEPs in spine
surgery patients undergoing general anesthesia with propofol (Rozet
etal., 2015).

Although the VEPs recorded under dexmedetomidine cannot
explain the enhanced performance in visual localization, our data
is still the first report in cats on how early deafness changes VEPs
that reflects stimulus-driven, bottom-up neural processing of visual
inputs. Except when stimuli were positioned at central location or
with 90-deg eccentricity, the medians of RMS and peak amplitude
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Peak latencies of three VEP components (N1, P1, and N2) as a function
of stimulus eccentricity. Same layout of panels (A-C) as in Figure 5
but for peak latency. Dot, individual subject; bar, median; ***p < 0.001
for main effect of eccentricity.
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Jitter of peak latency for VEP P1 component in hearing and early deaf
cats. (A) The estimated probability density for each of 7 stimulus
eccentricities. Each line represents one of the subjects in both groups
(B) Mean absolute deviation (MAD) of resampled latency plot against
the peak amplitude of the averaged waveform. Left, hearing. Right,
deaf. Each dot represents one stimulus eccentricity in one subject.
**p < 0.01 for the main effect of deafness in ANCOVA.

from the deaf group were almost unanimously larger than those from
the hearing group. Although no main effect of deafness was revealed
by ANOVA tests, a trend to increase in RMS and peak amplitude as
well as decrease in peak latency seemed to appear at certain stimulus
eccentricities with medium to large effect size worth being reported.
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Considering the low statistical power caused by small sample size
used in the current study, a large effect size should have been expected
to reveal statistical significance and avoid false negative. Similar cases
were reported with a comparable sample size in previous histological
investigations (Kok et al., 2014; Chabot et al., 2015; Wong et al., 2015;
Meredith et al., 2016; Butler et al., 2018). Whereas a number of cat
visual areas demonstrated increased or decreased number of afferents
in several auditory areas in deaf cats when compared to hearing cats,
only a few of such changes were statistically significant, such as the
projections from posterolateral lateral suprasylvian area (PLLS) to
the dorsal zone (DZ) of auditory cortex (Kok et al,, 2014) and the
projections from anterolateral lateral suprasylvian area (ALLS) to the
anterior auditory fields (Wong et al,, 2015).

Over all seven quantifications of VEPs and all seven stimulus
eccentricities, the effect size values derived from the comparisons
between the hearing and the deaf groups are mostly smaller than
1.5, and correspondingly led to a statistic power less than 59.8%.
According to our calculation, at least 60% more than the current
sample size in the deaf group is needed to achieve a statistic power
higher than 80%, with the estimate of the current effect size assumed.

Regardless of the discussion above, we cannot completely exclude
the possibility that the cross-modal plasticity shown in congenitally
deaf cats is absent in early deaf cats or not sensitive to EEG recording
technique. However, we consider these are the least likely, since
several previous human ERP studies revealed different VEPs between
hearing and deaf subjects (Neville et al., 1983; Hauthal et al.,, 2014;
Campbell and Sharma, 2016; Corina et al., 2017).

We did find a statistically significant increase of latency variation
in deaf subjects. The variability in neural activity in response to
visual stimuli can be contributed by both neural and non-neural
factors. Synaptic transmission is proposed to be a main source of
neural variability due to its cascade nature of cellular and molecular
process (Ribrault etal,, 2011). Although we did not reveal a distinctive
response amplitude in VEP from the deaf group, the reorganized
auditory cortex may still participate in the early visual processing
subtly, which involves synaptic transmission with less time precision.
The increase we found in inter-sweep variability in deaf subjects,
differentiating with respect to different VEP components, suggests a
potential temporal specificity along the timeline of cortical sensory
processing. Several neurological disorders (e.g., autism) have been
associated with the increase in neural variability, which may share
a similar underlying mechanism with this finding (Dinstein et al,
2015).

The effect of stimulus eccentricity

In this study, we also examined the effect of stimulus eccentricity
on VEPs. This has been explored in previous studies (Albus, 1975;
Van Essen et al, 1984; Harvey and Dumoulin, 2011; Ziccardi
et al,, 2015), but not at a range of eccentricity covering the entire
quarter-sphere. To investigate the peripheral-specificity of cross-
modal plasticity after deafness using VEPs, it is critical to understand
how VEPs are affected by stimulus eccentricity in normal hearing
subjects.

The contralateral visual field in the cat is represented by multiple
cortical visual areas. Extracellular recording shows that whereas all
of the visual areas studied are responsive to stimuli presented near
central vision, only areas 17, 19, PMLS, and 21b are responsive to
stimuli present beyond 70-degree eccentricity along the horizontal

frontiersin.org


https://doi.org/10.3389/fnins.2023.997357
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Mitzelfelt et al.

meridian (Tusa et al, 1981). Except for area 17, the visual field
represented in other cortical areas is more limited to the horizontal
meridian at more peripheral positions (Tusa et al., 1981).

In this study, we quantified the effect of stimulus eccentricity
on VEPs with an exponential model and found good fitness. This
was in good consistent with a recent study in human subjects,
where P1-N1 peak-to-peak amplitudes per squared-degree visual
field as a function of stimulus eccentricities up to 20 degrees were
exponentially modeled (Ziccardi et al,, 2015). Our results suggest
that the exponential model for the effect of stimulus eccentricity on
VEPs can be generalized to the full range of quarter-sphere on the
horizontal in non-primate species.

The attenuated VEP to stimulus present at peripheral field
compared to central field that we observed is most likely due to
cortical magnification, first observed with extracellular recording,
where a larger proportion of visual cortical area were found
representing a rather small central (foveal) visual field (Daniel and
Whitteridge, 1961). Alternatively, it can also be argued that, because
neurons in the peripheral visual field also have larger receptive field
size in comparison to the central field (Albus, 1975; Van Essen et al,,
1984), peripheral visual input can activate additional neurons as
non-optimal stimulus as an advantage over central visual inputs.
In virtue of such a trade-off, the product of cortical magnification
factor (distance in cortex per degree in visual field) and receptive
field size, also known as point-image size, was approximately constant
for varying eccentricity (Harvey and Dumoulin, 2011). Our data
showed that cortical activity measured using VEPs was not constant
for varying eccentricity as point-image size.

One of the factors that interplays with cortical magnification
in the effect of stimulus eccentricity is the respective participation
of parvocellular and magnocellular pathways. Compared to the
magnocellular pathway, the parvocellular pathway has a larger
dynamic range for luminance contrast. It has been shown that VEPs
to foveal stimuli (<2.5-degree eccentricity) demonstrate a broader
range in response amplitude to various checkerboard contrasts when
compared with peripheral stimuli (Laron et al., 2009), suggesting a
maximized participation of the parvocellular pathway for the central
visual field. Although its dominance decreases with eccentricity, the
parvocellular pathway remains the major contributor in terms of the
signal energy of VEPs as peripheral as 6.4 degrees (Baseler and Sutter,
1997). Given this majority position and high contrast stimuli being
used, the results presented here reflect the unequal participation
of both pathways, with the parvocellular pathway playing a greater
part. However, it would be of interest for future studies to quantify
the contribution of the parvocellular pathway for central versus
peripheral visual field visual localization in deaf subjects.

It is also expected that there may be mutual benefits between
future cat VEPs studies of this type and the development of source
estimation algorithms for cat EEG signals. In humans, source
estimation has been applied to VEPs with prior knowledge of
generator locations derived from other brain imaging techniques
such as PET (Woldorff et al., 1997) and fMRI (Hagler et al., 2009).
Both human and cat cerebral cortex are gyrencephalic, which is a
significant factor that compromises the performance of the source
estimation algorithms using the concentric multi-sphere head models
(Whittingstall et al., 2003). Although the smaller size of the cat head
would raise the required spatial resolution of the scanners, such
disadvantage is in the trade-off with an easier accessibility to invasive
techniques such as extracellular recordings. In the current study, the
error in VEP measurements regarding the lack of spatial resolution
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and unknown locations and orientation of VEP generators inevitably
complicated the interpretation of our results. However, we speculate
that the use of VEPs in assessing visual functions across visual fields
in human and animal subjects is a promising approach.

In conclusion, our investigation of pattern reversal VEPs in
response to peripherally present checkerboards in hearing and deaf
cats demonstrated little functional plasticity in cortical activity driven
by visual stimuli, suggesting that the enhanced visual localization
previously reported in congenitally deaf cats is primarily due to
plasticity in the neural circuit controlling orientation behavior instead
of the lower-level visual system. In the future, we hope to use VEP
techniques (1) to dissociate perception from orientation action, and
(2) to adopt multi-channel recording and source localization.
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The Extrastriate Body Area (EBA) participates in the visual perception and motor
actions of body parts. We recently showed that EBA's perceptual function
develops independently of visual experience, responding to stimuli with body-
part information in a supramodal fashion. However, it is still unclear if the EBA
similarly maintains its action-related function. Here, we used fMRI to study
motor-evoked responses and connectivity patterns in the congenitally blind
brain. We found that, unlike the case of perception, EBA does not develop
an action-related response without visual experience. In addition, we show
that congenital blindness alters EBA’'s connectivity profile in a counterintuitive
way—functional connectivity with sensorimotor cortices dramatically decreases,
whereas connectivity with perception-related visual occipital cortices remains
high. To the best of our knowledge, we show for the first time that action-
related functions and connectivity in the visual cortex could be contingent on
visuomotor experience. We further discuss the role of the EBA within the context
of visuomotor control and predictive coding theory.

KEYWORDS

congenital blindness, neuroimaging, body representation, resting-state fMRI, visuomotor
interactions, extrastriate body area, plasticity

Introduction

Visual processing in the brain features two pathways, the ventral-occipitotemporal
“what” stream and the dorsal-occipitoparietal “where and how” stream (Goodale and
Milner, 1992). For many years, researchers assumed that visual streams develop only during
specific time windows of critical periods (Hensch, 2004; Knudsen, 2004). However, there is
accumulating evidence that the two streams maintain some level of functional selectivity
and connectivity independent of visual experience (Striem-Amit et al., 2012b; Fine and
Park, 2018; Heimler and Amedi, 2020). Studies of congenitally blind individuals show that
category-selective loci operate in a sensory-independent manner (Reich et al., 2012; Heimler
etal., 2015) and respond to task-specific information derived from other sensory modalities
(Amedi et al., 2002, 2007; Pietrini et al., 2004; Ptito et al., 2005; Poirier et al., 2006; Renier
et al., 2010; Sani et al., 2010; Collignon et al., 2011; Reich et al,, 2011; Striem-Amit et al,,
2012a; Strnad et al., 2013; Striem-Amit and Amedi, 2014; Abboud et al., 2015; Sigalov et al,,
2016; Mattioni et al., 2020). Category-specific brain areas can thus form without visual
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experience in critical periods-the ideal time frames for
development in infancy (Kupers and Ptito, 2014; Heimler
and Amedi, 2020; Mattioni et al., 2020). For differences in the
organization of higher cognitive functions between blind and
sighted individuals, see (Amedi et al., 2003, 2004; Bedny, 2017).

These studies explored the stability of perceptual processing in
the Occipital lobe. Yet, recent works on sighted individuals show
that motor planning and execution can recruit visual cortical areas
(Dinstein et al., 2007; Orlov et al,, 2010; Lingnau and Downing,
2015; Gallivan et al., 2016). In particular, multiple studies reported
that motor actions evoke a neural response in the visual Extrastriate
Body Area (EBA) (Astafiev et al, 2004; Peelen and Downing,
2005; Kiihn et al., 2011; Gallivan et al., 2013, 2016; Limanowski
and Blankenburg, 2016; Zimmermann et al., 2016; Limanowski
et al,, 2017). Situated in the Lateral Occipital Temporal Cortex
(LOTC) and connected to both visual streams, the EBA specializes
in the perceptual processing of body parts (Downing, 2001). Even
so, evidence from an array of studies finds that both seen and
unseen movements recruit the EBA (Astafiev et al., 2004; Peelen
and Downing, 2005; Limanowski et al, 2017) and that EBAs
neural activity patterns can decode future motor actions (Kithn
et al,, 2011; Gallivan et al., 2013, 2016; Orgs et al, 2016). In
amputees, the strength of functional connectivity between EBA
and sensorimotor areas correlates with higher prosthesis usage
(Van Den Heiligenberg et al., 2018). EBA is also active during the
rubber-hand illusion and even passive arm movements (Gentile
etal., 2015; Limanowski and Blankenburg, 2016; Limanowski et al.,
2017), which suggests it is a target for proprioceptive as well as
visual information. Although its location is remote from primary
Sensorimotor cortices, it appears to play an integral functional
part in motor actions, perhaps even independent of vision. Given
the now-known task-selective sensory-independent nature of the
visual streams, does the EBA develop its action-related functions
regardless of visual and motor experience? And do perception and
action follow the same developmental constraints?

In a previous study, we used a visual-to-auditory Sensory
Substitution Device (SSD) to show that the EBA of blind individuals
responds preferentially to stimuli with body-related information
(Striem-Amit and Amedi, 2014). The response had a high degree of
anatomical consistency across blind individuals, which overlapped
with responses elicited by visual body-part images in sighted
individuals (Striem-Amit and Amedi, 2014). Furthermore, the
blind EBA preserves its functional connections to visual cortices,
like the Ventral and Dorsal streams (Striem-Amit and Amedi,
2014). Other studies on the blind brain report maintenance of
large-scale functional and structural organization within visual
cortices (Striem-Amit et al., 2012b, 2015; Butt et al., 2013;
Burton et al., 2014; Heine et al.,, 2015; Fine and Park, 2018).
Moreover, as the principal role of the EBA is perceptual, one
could predict that the lack of visual experience would cause even
lower damage to EBAs action-related functions. Findings from
sighted individuals support this prediction. The EBA is also active
when visual information is absent, and researchers can decode
future body postures from its activity (van Nuenen et al,, 2012;
Zimmermann et al., 2016, 2018). These results led some researchers
to infer that EBA takes part in motor planning by receiving
information on the current postural schema and determining a
future postural configuration. Thus, we hypothesized that the lack
of visual experience does not affect EBAs motor-related neural
responses.
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An opposing view is that EBA integrates visuomotor
information, and its development is contingent on visual
experience. Although much of the blind Visual cortex maintains its
intrinsic large-scale organization (Striem-Amit et al., 2012b, 2015),
its functional connections to frontal or sensorimotor cortices
decrease (Burton et al., 2014; Heine et al., 2015; Wang et al., 2015;
Bauer et al, 2017). In particular, the blind EBA seems to lack
significant functional connections to somatosensory and motor
cortices (Striem-Amit and Amedi, 2014), in stark contrast to
the widespread and pronounced connectivity patterns common
for EBA in the sighted (Zimmermann et al, 2018). While EBA
retains its perceptual function, the lack of functional connections
to sensorimotor cortices hints at a loss of action-related function.
Thus, an alternative hypothesis could posit that EBA relies on
visual information for actions, and its development is contingent
on visual experience. One option is that rather than engaging
in motor planning, EBAs motor-evoked response is part of a
perceptual process that anticipates the sensory consequences of
motor actions (Astafiev et al., 2004; Orlov et al., 2010; Gallivan et al.,
2013). EBA integrates information from upcoming motor actions
with incoming visual and proprioceptive sensations to encode limb
position (Gallivan et al., 2013, 2016; Gallivan and Culham, 2015;
Limanowski and Blankenburg, 2016). Such a dynamic visuomotor
representation is redundant for blind individuals and thus would
not evolve without visual experience.

Here, we study the effects of congenital blindness on the action-
related function of the EBA with task-related and resting-state
fMRI (functional Magnetic Resonance Imaging). We expand on our
previous study by adapting a cortical parcellation and examining
the seed-to-seed functional connections of the EBA to visual and
motor regions of interest. Further, we compared the congenitally
blind results to a group of sighted participants, where we expect
EBA activity during motor tasks. We interpret and discuss our
results in the context of the plasticity of action-related functions
in visual cortices and their dependency on visual experience.

Materials and methods

Participant details

The study included 13 congenitally blind participants.
Nine participants participated in the resting-state experiment
[eight right-hand dominants, six females, age: 34.5 + 6.2
(mean =+ standard deviation)], and eight participated in the
motor experiment (seven right-hand dominants, five females,
age: 33.3 = 9.1). Four blind participants took part in both
experiments (see Supplementary Table 1 for further details).
We also recruited 29 sighted participants, 20 participated in the
resting state experiment (18 right-hand dominants, 12 females,
age: 29.5 £ 4.1), and nine participated in the motor experiment
(eight right-hand dominants, five females, age: 26.3 £+ 2.2). We
excluded two additional sighted participants from the resting
state analysis due to excessive head movement. Participants had
no known neurological conditions, and hand dominance was
self-reported. The study received full Helsinki Approval from the
Hadassah Medical Center at the Hebrew University of Jerusalem.
All participants signed a consent form, and blind participants
signed with the companion of an impartial witness.
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Experimental paradigm

fMRI motor experiment

The motor experiment included three scanning runs of body
movements. Participants moved 12 body parts in succession while
lying blindfolded in the MRI (Magnetic Resonance Imaging)
scanner. To further decrease the effects of light and visual
perception, we instructed participants to keep their eyes closed
at all times, and we completely darkened the scanner room. The
sequence is in line with the homunculus’ spatial representation
in primary Sensorimotor cortices (Penfield and Boldrey, 1937;
Zeharia et al, 2012). This continuous paradigm is optimal for
topographical mapping (Zeharia et al.,, 2012) and is also suitable
for more conventional analyses (Tal et al.,, 2016, 2017; Hofstetter
and Dumoulin, 2021). Each run consisted of six cycles in which
participants moved the 12 body parts: right toes, right foot, right
arm, right wrist, right fingers, lips, jaw, left fingers, left wrist,
left arm, left foot, left toes (for more details, see Supplementary
Table 2). Before the start of a cycle, participants heard a 3 s
auditory cue with information about the cycle’s direction (i.e.,
“start right/left”). Each cycle concludes with a rest period of
6-9 s. Three cycles in each run followed this sequence, while
the other three cycles had the opposite direction, starting from
the left toes and finishing with the right toes (Supplementary
Figure 1). In sum, there were 18 trials for each body part. The
sound sequences were produced using Adobe Premiere Pro (Adobe
Inc.) and presented using Presentation (Neurobehavioral Systems).
We instructed participants to execute movements for 3 s with
an interstimulus interval of 1.5 s that included an auditory cue
for the next body part. Each trial consisted of three body part
movements synchronized with auditory metronome beeps. A body-
part movement (e.g., flexion and extension of the arm) lasted 1 s,
split evenly between the two actions. Before entering the scanner,
we trained participants for 30 min to minimize excess movement.

Neuroimaging data collection

All brain imaging experiments included anatomical and
functional scans from a 3T Siemens Skyra scanner using a 32-
channel Head Matrix Coil at The Edmond and Lily Safra Center
for Brain Sciences (ELSC) Neuroimaging Unit at the Hebrew
University of Jerusalem.

fMRI motor experiment

The functional scans that included motor tasks used a
multi-band (MB) imaging protocol with a factor of four. We
collected the data under the following parameters: TR (Time
Repetition) = 1,500 ms, TE (Time Echo) = 324 ms, FA
(Flip Angle) = 78°, imaging matrix = 96*96, FOV (Field of
View) =
2 mm*2 mm. We acquired 72 axial slices with 2 mm thickness

192 mm*192 mm with an in-plane resolution of

and 0 mm gap for full cortex coverage. We omitted the first
ten volumes of each functional run to ensure signal stabilization.
High-resolution 3D T1-weighted anatomical images were collected
using an MP-RAGE sequence with the following parameters:
FOV = 256 mm*256 mm, 160 axial slices, TR = 2,300 ms,
TE = 2.98 ms, flip angle = 9°, with an in-plane resolution of
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1 mm*1 mm. In sum, we acquired between 254 and 272 functional
volumes in each run.

fMRI resting-state experiment

We collected resting-state data under the following parameters:
TR = 3,000 ms, TE = 30 ms, FA = 70°, imaging matrix = 64*64,
FOV =
3.75*3.75 mm. We acquired 50 axial slices with 3 mm thickness

240 mm*240 mm with an in-plane resolution of

and 0 mm gap for full cortex coverage. We acquired scans of
200 volumes for each participant in the blind group without a
delayed acquisition and omitted the first 20 volumes to ensure
magnetization stability. In the sighted group, we acquired 180
volumes per participant with an automatic system for stabilization.
We collected High 3D T1-resolution weighted anatomical images
using an MP-RAGE sequence with the following parameters:
FOV = 256 mm*256 mm, 160 axial slices, with an in-plane
resolution of I mm*1 mm.

Preprocessing

We analyzed data from both experiments using the
BrainVoyager 20.6 package (Brain Innovation,
Maastricht). We corrected functional MRI data for slice timing

software

(temporal interpolation to the middle slice of each functional
volume), corrected for head motion (trilinear interpolation for
detection), and applied a high-pass filter (cut-off frequency of
two cycles per run). None of the scans included during the two
experiments showed translational motion exceeding a maximum
of 2 mm displacement or a maximum rotational motion exceeding
2° in any direction. We normalized anatomical T1 scans of
each subject to a standardized MNI (Montreal Neurological
Institute) space (ICBM-152). We then applied the calculated
normalization parameters to all the subjects functional scans.
Cortical reconstruction included the segmentation of white matter
using a grow-region function. The remaining cortical surface was
then inflated and aligned to a 3D cortical reconstruction of an
MNI-normalized brain (FreeSurfer’s fsAverage brain).

fMRI motor experiment

We spatially smoothed the data from the motor
task runs (spatial Gaussian smoothing, Full Width at
Half Maximum = 6 mm) to overcome inter-subject

anatomical variability.

fMRI resting-state experiment
Functional resting-state data did not undergo spatial

smoothing to avoid false correlations.

Cortex-based alignment

To acquire precise anatomical markers as Regions of Interest
(ROI), we used a cortex-based alignment (CBA) algorithm
implemented in BrainVoyager (Frost and Goebel, 2012) and
aligned the hemispheres of all participants to a fsAverage brain
surface. In short, the process morphs reconstructed and folded
hemispheres into a sphere that produces a curvature map with
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differing degrees of smoothness. The alignment itself is an iterative
procedure that follows a coarse-to-fine matching strategy to a
target brain that gradually decreases the smoothness of the sphere’s
surface. Importantly, we merged the aligned hemispheres to create
a bilateral cortical alignment, rather than the more common
procedure of aligning and analyzing each hemisphere in isolation.
Using the alignment, we transformed all the functional datasets
from a standard MR volume space to the target surface. This
procedure enabled us to execute whole-brain analyses that produce
statistical maps on both cortical hemispheres.

Parcellation and ROI selection

As some of our participants are blind, precise functional
identification of the EBA was impossible on a subject level-basis.
To identify the EBA and other relevant ROIs, we used anatomical
landmarks delineated from the cortical parcellation suggested by
Glasser et al. (2016). The parcellation considers structural and
functional data collected in the Human Connectome Project
(HCP). In localizing EBA, we used data provided by the HCP
(van Essen et al., 2017) to identify cortical areas that preferentially
respond to images of body parts compared to images of tools, faces,
and Ipaces (Glasser et al., 2016). We focused our analysis on the MT
complex, a known location of the EBA (Ferri et al., 2013).

fMRI resting-state experiment

For the functional connectivity analysis, we selected eight
ROIs (three for visual areas and five for sensory-motor areas)
in addition to EBA. We chose visual regions associated with
EBA’s functions, the visual Ventral and Dorsal streams, and the
primary Visual cortex (V1). For sensorimotor ROIs, we chose
areas that produce consistent activity during motor planning and
action, or process incoming proprioceptive inputs. These include
the Premotor cortex (PMc), the primary Motor cortex (M1), the
primary Somatosensory cortex (S1), the Operculum and Insular
cortex (Operculum), and the Supplementary motor Area along with
adjacent cingulate motor areas (SMA). For each ROI, we chose
the corresponding parcellations from HCP-MMP1.0 (Glasser et al,,
2016). A description of the ROIs and the cytoarchitecture regions
that comprise them are in Supplementary Table 3. Following
the fMRI motor experiment, we wanted to use a bilateral EBA
seed and bilateral visual and motor ROIs. To establish that left
and right EBAs have similar connectivity patterns, we analyzed
the functional connections between left-lateralized EBA and right-
lateralized ROIs, as well as between right-lateralized EBA and left-
lateralized ROIs in the sighted group (Supplementary Figure 2).

GLM analyses

We performed our analyses on the reconstructed and inflated
fsAverage brain surface to which we aligned all participants’ cortices
with cortex-based alignment.

fMRI motor experiment

We first computed statistical parametric maps from a single-
subject General Linear Model (GLM). We chunked the body part
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movements into five predictors of major anatomical segments:
right foot (toes and foot), right hand (digits, arm, and wrist), face
(jaw and lips), left hand (digits, arm, and wrist), left foot (toes
and foot). In our model, all body parts within each group are
explained by the same predictor (e.g., “face” for jaw and lips). The
model predictors were convoluted with a canonical Hemodynamic
Response Function. Before fitting the GLM model, time courses of
the preprocessed data underwent z-normalization. For the group-
level analyses, we used a multi-level random-effects model. The
statistical threshold criterion for individual vertices was p < 0.05.
We corrected all the results for multiple comparisons using a
cluster-size threshold estimator based on a Monte Carlo simulation
approach with 500 iterations, as implemented in BrainVoyager
20.6. We conducted ROI analyses of the EBA by contrasting each
of the five body part groups against a baseline parameter of zero
(i.e., no response). We executed all these analyses using MATLAB
software (MathWorks). ROI statistical tests were double-sided and
corrected for multiple comparisons using False Discovery Rate
(FDR, a = 0.05). We also examined if between-group differences
in EBA’s motor-evoked response are bilateral and are anatomically
consistent for left-and right-hand movements. We plotted the
peak activity for the sighted group’s right-hand movements within
bilateral EBA. We defined a seed that includes all vertices within
a 4 mm distance from the peak group activity (Supplementary
Figure 3). To establish bilaterality, we analyzed the activity within
that seed for left-hand movements (see Supplementary Figure 4)
for a magnified view of motor-evoked response around EBA).

fMRI resting-state experiment

To describe the EBA connectivity patterns, we extracted the
EBA signal time course by averaging the data across all EBA vertices
at each time point. Next, we extracted the MR signal from the
ventricles and subarachnoid spaces (i.e., Cerebrospinal Fluid). We
wanted to use the signal as a confound in our model, as these
voxels include noise factors such as global signal drift. We used
an embedded function found in BrainVoygaer to remove skull
tissue, head tissue and subcortical structures. From the resulting
image, we created a mask of voxels with intensity levels below the
threshold for white and gray matter segmentation. We repeated this
procedure in each participant’s brain following MNI normalization.
Similar to the EBA, we averaged the time course across all voxels
at each time point. Time-course samples were then z-normalized
and modeled as predictors in a first-level GLM connectivity analysis
- the EBA time course as an explanatory predictor and the
Cerebrospinal Fluid (CSF) time courses as confounding predictors.
In the group random effect analyses, we used beta images from
first-level GLM analyses and treated the participants as a random
factor. First, we performed a whole-brain analysis by contrasting
connectivity estimates from both EBAs against the baseline. The
vertex-wise statistical threshold for the whole-brain analysis was
p < 0.05, corrected for multiple comparisons using a Monte Carlo
permutation test. Next, we performed seed-to-seed ROI analyses
from the EBA to five sensorimotor and three visual cortical areas
(see ROI selection). As motor movements recruit both EBAs,
we inspected the connectivity between bilateral ROIs and EBA
predictors. The statistical threshold was p < 0.05, corrected for
multiple comparisons with a False Detection Rate (o = 0.05).
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A Response to Hand Movements in Sighted and Blind Individuals
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FIGURE 1
Motor-evoked responses to body part movements (whole-brain and EBA localizer). (A) Whole-brain statistical parametric maps of hand movements,
most commonly associated with EBA activity, plotted on both cortical hemispheres after cortex-based alignment [random effects General Linear
Model (GLM)]. Hand movements recruit EBA in sighted individuals but not in blind individuals (see Supplementary Figure 5 for other body parts).
EBA, Extrastriate Body Area; CS, central sulcus. (B) Regions of Interest (ROI) analysis of EBA response to various body parts. The region is significantly
active in the sighted and not in the blind. A between-group analysis (random effects GLM, n = 17) reveals significant differences in the response to
movements of the right foot, right hand, left foot, and left hand (for results in separate hemispheres, see Supplementary Figure 6).

Results

To explore the effects of visual experience on EBA’s action-
related function, we trained sighted and congenitally blind
participants to move 12 unilateral body parts in search of motor-
evoked responses. In a separate experiment, we investigated EBA
connectivity patterns to sensorimotor and visual loci during
rest. To characterize the whole-brain activity and functional
connectivity, we used a Cortex Based Alignment technique (Frost
and Goebel, 2012) that merges both hemispheres (see methods).
We performed all group-level random-effects analyses on this
aligned brain.

The blind EBA does not respond to active
movements

A whole-brain GLM analysis in sighted individuals shows
robust activations in and around bilateral EBA (Figure 1A) for
hand movements (see Supplementary Figure 5 for similar results
of feet and face). In the blind group, we did not find activity in
or around EBA for all unilateral movements. Hand movements
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in both groups result in localized activity in somatosensory and
motor areas, suggesting a limited whole-brain noise effect. An
ROI analysis of motor-evoked responses (Figure 1B) in EBA
confirmed the previous observations, with statistically significant
responses in the sighted and insignificant responses in the blind
(Supplementary Table 4). An analysis of group differences showed
that the sighted group had significantly stronger EBA responses for
the left hand [t (15) = 3.39, p = 0.004, d = 1.52] and right hand [t
(15) =2.44,p =0.027, d = 1.08], as well as the left foot [t (15) = 2.81,
p=0.013, d = 1.26] and right foot [t (15) = 2.54, p = 0.022, d = 1.14].
We did not find a significant difference between the groups in the
face condition [t (15) = 1.66, p = 0.118].

M1 responses are comparable between
blind and sighted individuals

An ROI analysis (Figure 2) of the Left primary Motor cortex
(M1) shows no differences between the blind and sighted for
movements of the right hand [t (15) = 1.519, p = 0.15] or right foot
[t (15) = 1.709, p = 0.108]. The statistical difference between the
groups for face movement did not survive a multiple comparison

frontiersin.org


https://doi.org/10.3389/fnins.2023.973525
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Yizhar et al.

Left M1 Response to Body-part Movements

NS NS NS NS
— — — —
2

E * XK T

g * 5

o % x

o 1 * %

T

£

©

s |

o
++Pp<0005 R Foot R Hand Face All body parts
«oxxp < 0.0005 average

[1Blind Sighted
N=8 N=9

Somatotopic Mapping in Left S1 and M1

M181

DO D

Sighted Blind
@l Foot [JHand [ Face

FIGURE 2

M1 responses are comparable between blind and sighted individuals
[random effects General Linear Model (GLM)]. There were no
significant group differences in M1 activity (left hemisphere) for all
unilateral and face movements (Supplementary Table 5). Regions of
Interest (ROI) analysis of right M1 produced similar results
(Supplementary Figure 7). The sighted and blind groups show
similar somatotopic organization in S1 and M1. We created the
maps by contrasting each condition with all others. We then plotted
and colored all statistically significant vertices (p < 0.05, corrected).
The results on the left hemisphere represent the response to right
hand, right foot, and face movements. We found similar results in
the right hemisphere for contralateral effectors (Supplementary
Figure 5). Error bars are for the standard error. Large asterisks
indicate between-group significance, small asterisks indicate
within-group significance against the baseline. NS, non-significant

correction [t (15) = 1.28, p = 0.04]. Analysis of motor-evoked
responses in Right M1 shows congruent results, with no significant
differences between the groups (Supplementary Table 5). A mixed
design ANOVA with a within-factor of body-part and a between-
factor of the group found no differences in the group responses [F
(1,135) = 3.619, p = 0.077, n2 = 0.07] and no interaction between
group and body-part [F (7,135) = 0.802, p = 0.587, n* = 0.016].
We also looked at the selectivity of neural responses in S1 and
M1 (Figure 2). In both groups, we observed activity that follows
a topographic organization (see Supplementary Figure 7 for the
right hemisphere), in line with the canonical Penfield homunculus
(Penfield and Boldrey, 1937; Zeharia et al., 2012).

Congenital blindness drastically alters
EBA's connectivity

We used resting-state fMRI data to examine the effects of visual
development on EBAs connectivity to somatosensory and motor
cortices. Under the assumption that neurons that fire together
wire together, neural activity at rest should be reflective of activity
during tasks. As such, neurons that are functionally co-activated
should also have correlated activity during rest. To examine these
connections, we extracted the resting-state time course of the EBA
from each subject and used these as predictors in our second-
level analysis. Given the bilateral nature of motor-related activity
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in the EBA, we defined the left and right EBA as a combined
seed and analyzed their connectivity to the whole brain. To verify
this assumption, we mapped the functional connectivity between
the sighted EBA (left and right) and contralateral visual and
motor ROIs. We found support for our assumption in comparable
patterns of contralateral connectivity for left-lateralized and right-
lateralized EBAs (Supplementary Figure 2). Both groups exhibited
known connectivity patterns (Striem-Amit and Amedi, 2014;
Zimmermann et al., 2018) to visual brain areas around the Occipital
lobe (Figure 3A). EBA connectivity in the sighted group was more
widespread. We found prominent connections to M1, S1, Inferior
Parietal Lobule, and associative areas such as the Operculum.
Next, we used probabilistic mapping to observe the consistency
of connectivity patterns within the blind and sighted groups. We
computed single-subject connectivity maps (corrected for multiple
comparisons) and calculated the ratio of cross-subject overlap for
each vertex on the cortex (Figure 3B). Both groups had a high
degree of connectivity overlap in cortical visual areas, while sighted
individuals also exhibited some cross-subject overlap around
primary Somatosensory and Motor cortices. There was significantly
higher connectivity (Figure 3C) in the sighted group around
the Pre-and-post Central gyri, Operculum, Insula, Cingulate, and
Superior Parietal Lobule (Glasser et al.,, 2016). EBA of the blind
group had stronger connections with the Inferior-lateral Parietal
cortex, Lateral Prefrontal cortex, and Precuneus. These areas are
canonical to the brain’s Default Mode Network (DMN), active
during non-task states (Raichle, 2015).

There is a functional disconnection
between the blind EBA and sensorimotor
cortices

In addition to our whole-brain analysis, we wanted to classify
the connectivity strength of the EBA with three visual and
five sensorimotor cortical regions (supplementary Table 6). We
based the categorization of ROIs on the parcellation offered by
Glasser et al. (2016) (Figure 4A, See methods and Supplementary
Table 3 for detailed description). both groups showed a significant
interaction between the EBA and cortical visual areas (Figure 4B).
no statistical differences were found between the groups in the
connectivity strength to the primary visual cortex [t (27) = 0.073,
p = 0.942], or to the visual ventral stream [t (27) = 1.514,
p = 0.141] and dorsal stream [t (27) = 0.41, p = 0.685]. In
stunning contrast, the strength of connectivity to sensorimotor

areas was significant in the sighted group and insignificant in
the blind group. These findings show that blind participants
preserve the intrinsic connectivity of the EBA to visual cortical
perceptual areas, while on the other hand, there is a significant
decrease in the extrinsic connectivity to sensorimotor cortices. In
a direct group comparison, the sighted group showed stronger
connectivity between the EBA and the primary motor cortex [t
(27) = 3.376, p = 0.002, d = 1.07], primary somatosensory cortex
[t (27) = 3.79, p < 0.001, d = 1.28], Supplementary motor area [t
(27) = 3.796, p < 0.001, d = 1.27], premotor cortex [t (27) = 2.91,
p = 0.007, d = 0.58], and operculum [t (27) = 3.881, p < 0.001,
d=142].
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FIGURE 3

Whole-brain connectivity of Extrastriate Body Area (EBA) seed in
blind and sighted individuals [random effects General Linear Model
(GLM)]. (A) There is a high functional connection between the EBA
[independent localizer from Human Connectome Project (HCP)
atlas] and visual regions in sighted and blind individuals. However,
EBA connectivity to sensorimotor areas exhibits a strikingly different
picture. EBA has widespread connectivity to sensorimotor cortices
in the sighted. Yet, there is a disconnection between EBA and
sensorimotor regions in the congenitally blind. CS, central sulcus.
(B) Single-subject connectivity overlap in sighted and blind groups.
We created the probabilistic maps from single-subject EBA
connectivity results. Connectivity to visual areas was consistent
across blind and sighted participants. In addition, there was a
connectivity overlap in the sighted around S1, M1, and associative
sensorimotor cortices. (C) Group differences of EBA connectivity.
The sighted had higher connectivity around sensorimotor regions
and weaker connectivity around the Precuneus and lateral Parietal
cortex.

Discussion

We studied the action-related function and connectivity of the
EBA in both congenitally blind and healthy-sighted adults. We
replicated previous results in the sighted and found that the EBA
is indeed active during unseen motor actions of the hands and feet.
However, the picture was completely different for the blind group,
where the EBA did not show a significant response to any body part
movements, a sharp contrast to its sensory-independent behavior
in perceptual tasks (Heimler and Amedi, 2020). Our analysis
of resting-state functional data revealed significant connectivity
between EBA and visual cortices in both groups, but a decrease
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in connectivity between the blind EBA and sensorimotor regions
compared to the sighted.

In a previous study, we showed that blind individuals’
perception of body-related stimuli results in consistent activity in
the EBA (Striem-Amit and Amedi, 2014). Other studies report
a similar pattern for other category-selective areas in the visual
Ventral and Dorsal streams (Pietrini et al,, 2004; Ptito et al,
2005; Poirier et al.,, 2006; Amedi et al.,, 2007; Sani et al., 2010;
Reich et al, 2011; Abboud et al, 2015). These areas display
supramodal behavior, where a specific task defines their function
(e.g., perceiving a stimulus with body-related information) and not
the input modality (Pascual-Leone and Hamilton, 2001; Heimler
et al., 2015; Cecchetti et al., 2016; Hurka et al., 2017; Fine and
Park, 2018; Heimler and Amedi, 2020). Here, we found that this
supramodal principle does not apply to action-related activity in the
EBA. Body-part movements did not activate the EBA in the blind
group, even for hand movements that elicit robust activity in the
sighted. Additionally, the functional connectivity analysis showed
that blind individuals have weaker connections between the EBA
and sensorimotor areas, but the blind EBA maintain its internal
connectivity profile to other visual cortices. Other supporting
findings indicate that the deprived visual cortex of blind individuals
maintains its large-scale intrinsic organization (Striem-Amit et al.,
2012b, 2015; Butt et al., 2013; Burton et al., 2014; Heine et al., 2015;
Bauer et al., 2017), coupled with a decrease in connectivity between
visual and sensorimotor cortices (Burton et al., 2014; Striem-Amit
and Amedi, 2014; Heine et al., 2015; Bauer et al., 2017).

The discrepancy in the EBA connectivity profile is, at first
impression, a little counterintuitive. One might expect that visual
deprivation results in weaker functional connections with visual
cortices and stable functional connections with non-visual cortices.
This assumption would also be consistent with previous findings
of neural responses in the blind visual cortex to high-order tasks
(Amedi et al., 2003, 2004; Bedny et al., 2011; Bedny, 2017). Instead,
we found an absence of connectivity between the EBA and non-
visual cortices. In turn, the maintenance of perception-related
functions explains the stability within the visual system. A possible
interpretation is that EBA engages in visuomotor computations
(Orlov et al, 2010) that we need during typical sensory and
motor development but are of no use for blind individuals.
Differently, Ventral stream areas could have a computational bias
for perception-related tasks and even respond to non-visual stimuli
in healthy-sighted individuals (Amedi et al., 2001; Sathian, 2005;
Lacey et al., 2009; Debowska et al., 2016; Siuda-Krzywicka et al.,
2016; Tal et al., 20165 Bola et al., 2017). The differences observed
here also point to the source of incoming signals to the EBA
during action-related processing. While it is well established that
EBA receives visual inputs from the primary Visual cortex via
feedforward connections (Lamme and Roelfsema, 2000), the source
of neural inputs during motor actions is less clear. One suggestion is
that motor-related information travels through direct connections
from the Frontoparietal to the Occipital cortices (Gallivan et al,,
2013). Our results point to another option that inputs to the
EBA are from Parietal and Premotor structures involved in
somatosensory and motor processing (Gallivan et al., 2013, 20165
Lingnau and Downing, 2015; Limanowski and Blankenburg, 2016;
Orgs et al., 2016; Simos et al., 2017). These types of lateral, rather
than feedforward, connections are less hardwired (Fine and Park,
2018). In the blind brain, the lack of co-occurring inputs from
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There is a functional disconnection between the blind Extrastriate Body Area (EBA) and sensorimotor cortices. (A) Regions of Interest (ROls) from the
Human Connectome Project (HCP) atlas (Glasser et al., 2016). A full cytoarchitectural breakdown of each area is in Supplementary Table 3.

(B) Congenital blindness alters EBA’s connectivity profile. Seed-to-seed analysis of connectivity strength from the EBA to sensorimotor and visual
seeds. In both groups, resting-state connectivity to visual cortices was significantly higher than the baseline. Connectivity to sensorimotor regions
was significantly higher in the sighted compared to the blind group (random effects GLM, n = 29). We found similar results when analyzing the
connectivity from EBA to the right and left hemispheres separately (Supplementary Figure 8). Error bars are for the standard error. Large asterisks
indicate between-group significance, small asterisks indicate within-group significance against the baseline. NS, non-significant.

visual and proprioceptive sensations into EBA would erode these
weaker connections. Oppositely, EBA maintains its perceptual-
related function through feedforward hardwired connections that
are the pipeline for perceptual processing (Fine and Park, 2018).
These contrasting behaviors also hint at the sensibility of the visual
cortex during critical periods. The Occipital lobe might have low
sensitivity to visual perceptual experience, which is hardwired,
and high sensitivity to visuomotor action-related experience. At
the very least, our results show that EBAs motor recruitment is
contingent on visual experience and that its function does not
depend only on sensorimotor experience.

How does the lack of EBA response in the blind inform us about
EBA’s role in motor-related processing in the sighted? Our findings
suggest that EBA holds a whole-body motor representation.
In sighted individuals, unilateral movements result in bilateral
activations of EBA, especially for hand and foot movements.
Unlike the typical contralateral or ipsilateral motor responses,
each unilateral EBA computes information about both sides of the
body, with an emphasis on the limbs. Moreover, action-related
activity in bilateral EBA has been shown to correlate with the
usage rate of hand prostheses in unilateral amputates (Van Den
Heiligenberg et al,, 2018), suggesting a possible connection between
EBA function and the perception of limb position. Notably,
bilateral EBA is active when participants perceive visual images of
body parts (Orlov et al.,, 2010; Kithn et al,, 2011; Gallivan et al,
2013; Zimmermann et al., 2018). These characteristics are beneficial
for an EBA that takes part in motor control (Kiithn etal., 2011;
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van Nuenen et al., 2012; Gallivan and Culham, 2015; Zimmermann
et al,, 2016) and predictive processing of sensory information
(Astafiev et al., 2004; Orlov et al.,, 2010; Gallivan et al., 2013).
Under the predictive processing theory, the brain generates
representations to predict future sensory inputs (Keller and Mrsic-
Flogel, 2018) and continuously compares these predictions to
actual sensory inputs. The resulting error updates an internal
representation that culminates in perception. EBA’ activity patterns
fit this framework, being active during active (Astafiev et al., 2004;
Gallivan et al.,, 2013, 2016; Zimmermann et al., 2016; Limanowski
et al, 2017) and passive (Limanowski and Blankenburg, 2016)
movements and allowing for the decoding of future postures
from its activity during motor planning (Kihn et al, 2011;
Gallivan et al., 2013, 2016; Orgs et al., 2016; Zimmermann et al,,
2016). Furthermore, visuo-proprioceptive incongruences decrease
EBAs effective connectivity to Parietal cortices (Limanowski and
Blankenburg, 2017), which may reflect a breakdown in the
prediction process. The internal representation is thus available
before and while incoming sensory information reaches the brain
(Keller and Mrsic-Flogel, 2018), covering the duration of stimulus
expectation and perception. Finally, EBA has strong connections
with primary Sensorimotor and associative cortices, which are the
source and target of information for the internal model (Keller
and Mrsic-Flogel, 2018). Concerning our results, the EBA could
provide a multimodal representation that predicts incoming visual
information. EBA activity during unseen movement in the sighted
reflects the recruitment of large networks that expects incoming
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sensory information, even if it is not there. In congenital blindness,
this internal model becomes redundant as visual information is
unavailable.

In conclusion, our findings demonstrate that EBAs motor-
related responses are contingent on visual experience and are
absent in congenitally blind individuals. We provide initial steps
toward studying plastic changes to action-related functions in
the deprived visual cortex. Additionally, this work furthers our
understanding of the EBAs dependence on visual information and
experience in sighted individuals.
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A central question in affective science and one that is relevant for its clinical
applications is how emotions provided by different stimuli are experienced and
represented in the brain. Following the traditional view emotional signals are
recognized with the help of emotion concepts thatare typically used in descriptions
of mental states and emotional experiences, irrespective of the sensory modality.
This perspective motivated the search for abstract representations of emotions
in the brain, shared across variations in stimulus type (face, body, voice) and
sensory origin (visual, auditory). On the other hand, emotion signals like for
example an aggressive gesture, trigger rapid automatic behavioral responses
and this may take place before or independently of full abstract representation
of the emotion. This pleads in favor specific emotion signals that may trigger
rapid adaptative behavior only by mobilizing modality and stimulus specific brain
representations without relying on higher order abstract emotion categories. To
test this hypothesis, we presented participants with naturalistic dynamic emotion
expressions of the face, the whole body, or the voice in a functional magnetic
resonance (fMRI) study. To focus on automatic emotion processing and sidestep
explicit concept-based emotion recognition, participants performed an unrelated
target detection task presented in a different sensory modality than the stimulus.
By using multivariate analyses to assess neural activity patterns in response to the
different stimulus types, we reveal a stimulus category and modality specific brain
organization of affective signals. Our findings are consistent with the notion that
under ecological conditions emotion expressions of the face, body and voice may
have different functional roles in triggering rapid adaptive behavior, even if when
viewed from an abstract conceptual vantage point, they may all exemplify the
same emotion. This has implications for a neuroethologically grounded emotion
research program that should start from detailed behavioral observations of how
face, body, and voice expressions function in naturalistic contexts.

KEYWORDS

multisensory affect, faces, voices, bodies, emotion perception, facial expressions, voice

Introduction

In reasoning about emotion expressions and their functional and brain basis, we tend to use
abstract categories and to lump together different signals presumably referring to their shared
meaning. Yet the specific conditions of subjective experience of an emotional stimulus in the
natural environment often determine which affective signal triggers the adaptive behavior. For
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example, an angry body posture alerts us already from a distance
while an angry facial expression can only be seen from closer by and
personal familiarity may play a role in how we react to it. Thus, the
angry body expression viewed from a distance and the angry face
expression seen from close by may each trigger a different reaction as
adaptive behavior needs to fit the concrete context. Thus, another
dimension of emotion signals besides the familiar abstract concept
representation is related to their role in adaptive action. Given this
essential role in triggering rapid automatic behavioral responses,
sensory modality specific, local and context sensitive brain
representations may play a role, suggesting that face, body, and voice
expression perception may each have sensory modality specific
emotion representations. Such a functional brain representation of
affective signals that is sensitive to the naturalistic spatiotemporal
contexts may exist besides the abstract higher order concept
representations traditionally envisaged by emotion theorists (Ekman
and Cordaro, 2011; but see Lindquist et al., 2012). Emotion perception
in naturalistic conditions is often driven by a specific context that is
relative to a behavioral goal. This specific context includes aspects that
are currently not yet envisaged in human emotion research like for
example the spatial parameters that matter for threat perception (de
Borst et al., 2020) and convey a different behavioral status to signals
from face, the body and the voice that, from an abstract vantage point,
all have the same meaning. For example, since facial expressions can
only be seen from sufficiently close by, decoding of facial expression
may rely on processes related to personal memory more than this is
the case for perception of voice or body expressions.

Previous studies comparing how the face, or the face and the voice
and only in a few cases also the whole body convey emotions were
motivated to find the common representations, variously referred
amodal, supramodal or abstract, underlying these different
expressions. They concentrated on where in the brain abstract
representations of emotion categories are to be found (Peelen et al.,
2010; Klasen et al., 2011). Such representations were found in high-
level brain areas known for their role in categorization of mental states
(Peelen et al., 2010). Specifically, medial prefrontal cortex (MPFC) and
superior temporal cortex (STS) have been highlighted as representing
emotions perceived in the face, voice, or body at a modality-
independent level. Furthermore, these supramodal or abstract
emotion representations presumably play an important role in
multisensory integration by driving and sustaining convergence of the
sensory inputs toward an amodal emotion representation (Gerdes
et al., 2014). However, the existence of supramodal emotion
representations was based on measurements of brain activity during
explicit emotion recognition (Peelen et al., 2010; Klasen et al., 2011).
As emotion perception in daily life is often automatic and rapid, it
remains unclear whether supramodal emotion representations also
emerge in the absence of explicit emotion processing.

To clarify the goal of our study it is important to distinguish the
investigation of perpetual representations of emotion signals from
studies on the neural basis of emotional experience, on how reward
related processes are involved in processes shaping behavioral
reactions and many related questions (Rolls, 2014, 2019). Clearly,
perceptual representations of emotion signals do not be themselves
define the emotional experience, its neural or its phenomenal basis.
Other non-sensory brain areas like importantly orbitofrontal cortex
are involved in defining how perception of an emotional signal
ultimately gives rise to experience and behavior but these higher order
issues are out of the scope of the present study.
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To increase the ecological validity of our study of emotion
processing in the human brain, we used naturalistic dynamic stimuli
showing various emotion expressions of the body, the face or the
voice. Importantly, to avoid explicit emotion recognition and verbal
labeling, neither of which are normally part of daily emotion
perception, participants performed a task related to another modality
than that of the stimulus of interest. We used multivariate pattern
analysis to identify cortical regions containing representations of
emotion and to assess whether emotion representations were of
supramodal nature or specific to the modality or stimulus. Following
the literature we defined abstract or supramodal representation areas
as regions that code what is common to a given emotion category
regardless of the sensory modalities and thus have neither stimulus
nor modality specific components. Our results show that during such
automatic, implicit emotion processing, neuronal response patterns
for varying emotions are differentiable within each stimulus type (i.e.,
face, body, or voice) but not across the stimulus types. This indicates
that the brain represents emotions in a stimulus type and modality
specific manner during implicit, ecologically valid emotion
processing, as seemingly befits the requirements of rapid
adaptive behavior.

Methods
Participants

Thirteen
range=21-30y; two males) took part in the study. Participants

healthy participants (mean age=25.3y; age
reported no neurological or hearing disorders. Ethical approval was
provided by the Ethical Committee of the Faculty of Psychology and
Neuroscience at Maastricht University. Written consent was obtained
from all participants. The experiment was carried out in accordance
with the Declaration of Helsinki. Participants either received credit
points or were reimbursed with a monetary reward after their

participation in the scan session.

Stimuli

Stimuli consisted of color video and audio clips of four male
actors expressing three different emotional reactions to specific
events (e.g., fear in a car accident or happiness at a party). Images
of such events were shown to the actors during their video
recordings with the goal of triggering spontaneous and natural
reactions of anger, fear, happiness, and an additional neutral
reaction. Importantly, the vocal recordings were acquired
simultaneously with the bodily or facial expression to obtain the
most natural match between visual and auditory material. A full
description of the recording procedure, the validation and the
video selection is given in Kret et al. (2011a), see Figure 1 top panel
for several examples of the stimulus set. In total there were 16
video clips of facial expressions, 16 video clips of body expressions,
and 32 audio clips of vocal expressions, half of which were recorded
in combination with the facial expressions and half of which were
recorded in combination with the body expressions (i.e., two audio
clips per emotional expression per actor). All actors were dressed
in black and filmed against a green background under controlled
lighting conditions.
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(A) Example stimuli from the body (top row) and face (middle row) set. The full set of stimuli can be accessed at: https://osf.io/7d83r/?view_only=a772
df287d5a42dlae7269d1eec4alde. (B) Decoder trained to classify stimulus type, for the two sessions separately, results derived from thresholding the
volume map at p < 0.05, FWE corrected. (C) Decoder trained to classify emotion from all stimuli (yellow), all visual stimuli (face and body, red) and all
voice stimuli (blue), The displayed results are label maps derived from the volume map thresholded at p < 0.001 uncorrected, with a minimum cluster
size threshold of k = 25 voxels. Angular G, angular gyrus; Al, primary auditory cortex; STS, superior temporal cortex; PCG, posterior cingulate gyrus.
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Video clips were computer-edited using Ulead, After Effects, and
Lightworks (EditShare). For the body stimuli, faces of actors were
blurred with a Gaussian mask such that only the information of the
body was available. The validity of the emotional expressions in the
video clips was measured with a separate emotion recognition
experiment (emotion recognition accuracy >80%). For more
information regarding the recording and validation of these stimuli,
see Kret et al. (2011a,b).

Experimental design and behavioral task

In a slow-event related design, participants viewed series of 1s
video clips on a projector screen or listened to series of 1 s audio clips
through MR-compatible ear buds (Sensimetrics S14) equipped with
sound attenuating circumaural muffs (attenuation >29dB). The

Frontiers in Neuroscience

experiment consisted of 12 runs divided over 2 scan sessions. Six runs
consisted of face and voice stimuli, followed by six runs consisting of
body and voice stimuli. Each run was split in two halves where either
auditory (consisting of 18 audio clips) or visual (consisting of 18
video clips) stimuli were presented. The 18 trials within each run half
comprised 16 regular trials (consisting of 4 times 3 different emotion
expressions and 4 times one neutral expression,) with an inter-
stimulus interval of 10.7-11.3s and two catch trials requiring a
response. This design of using an orthogonal task was selected to
divert attention from the modality of interest by blocking explicit
recognition of the emotional expression and tap into automatic
perception of the affective content (Vroomen et al., 2001; Rolls et al.,
2006). The task instructions stipulated whether attention was to
be allocated to the visual or to the auditory modality. During visual
stimulus presentations, participants were instructed to detect an
auditory change, and during auditory stimulus presentations,
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participants were instructed to detect visual change catch trials. For
the auditory catch trial task, a frequency modulated tone was
presented and participants had to respond whether the direction of
frequency modulation was up or down. For the visual distractor task,
participants indicated whether the fixation cross turned lighter or
darker during the trial. A separate localizer session was also
performed where participants passively viewed stimuli of faces,
bodies, houses, tools and words in blocks; see Zhan et al. (2018)
for details.

Data acquisition

We measured blood-oxygen level-dependent (BOLD) signals with
a 3 Tesla Siemens Trio whole body MRI scanner at the Scannexus MRI
scanning facilities at Maastricht University (Scannexus, Maastricht).
Functional images of the whole brain were obtained using
T2*-weighted 2D echo-planar imaging (EPI) sequences [number of
slices per volume =50, 2 mm in-plane isotropic resolution, repetition
time (TR)=3,000ms, echo time (TE)=30ms, flip angle (FA)=90°,
field of view (FoV) =800 x 800 mm?, matrix size=100x 100, multi-
band acceleration factor =2, number of volumes per run= 160, total
scan time per run=_8min]. A three-dimensional (3D) T1-weighted
(MPRAGE) imaging sequence was used to acquire high-resolution
structural images for each of the participants [1-mm isotropic
TR=2,250ms, TE=221ms, FA=9°
size=256x256, total scan time=7min approx.]. The functional

resolution, matrix
localizer scan also used a T2*-weighted 2D EPI sequence [number of
slices per volume=64, 2mm in-plane isotropic resolution,
TR=2,000ms, TE=30ms, FA=77, FoV =800x 800 mm? matrix
size =100 x 100, multi-band acceleration factor =2, number of volumes
per run=432, total scan time per run= 14 min approx.].

Analysis

Pre-processing

Data were preprocessed and analyzed with BrainVoyager QX
(Brain Innovation, Maastricht, Netherlands) and custom Matlab code
(Mathworks, United States) (Hausfeld et al., 2012, 2014). Preprocessing
of functional data consisted of 3D motion correction (trilinear/sync
interpolation using the first volume of the first run as reference),
temporal high pass filtering (thresholded at five cycles per run), and
slice time correction. We co-registered functional images to the
anatomical T1-weighted image obtained during the first scan session
and transformed anatomical and functional data to the default
Talairach template.

Univariate analysis

We estimated a random-effects General Linear Model (RFX
GLM) in BrainVoyager 21.2' with a predictor for each stimulus
condition of interest (12 conditions in total): four emotion conditions
times three stimulus categories (face, body, voice). Additionally,
we included predictors for the trials indicating the start of a new block

1 https://www.brainvoyager.com/
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and the catch trials. Predictors were created by convolving stimulus
predictors with the canonical hemodynamic function. Finally,
we included six motion parameters resulting from the motion
correction as predictors of no interest. For this analysis, data was
spatially smoothed with a 6 mm full-width half-maximum (FWMH)
Gaussian kernel. To assess where in the brain the two different
experimental factors had an influence, an ANOVA was run with either
modality or emotion as a factor.

Multivariate analysis

We first estimated beta parameters for each stimulus trial and
participant with custom MATLAB code by fitting an HRF function
with a GLM to each trial in the time series. These beta values were
then used as input for a searchlight multivariate pattern analysis
(MVPA) with a Gaussian Naive Bayes classifier (Ontivero-Ortega
et al., 2017) which was also performed at the individual level. The
searchlight was a sphere with a radius of five voxels. The Gaussian
Naive Bayes classifier is an inherently multi-class probabilistic
classifier that performs similar to the much-used Support Vector
Machine classifier in most scenarios, but it is computationally more
efficient. The classifier was trained to decode (1) stimulus modality
(visual or auditory); (2) stimulus emotion (e.g., fear in all stimulus
types vs. angry in all stimulus types); (3) within-modality emotion
(e.g., body angry vs. body fear); (4) cross-modal emotion (e.g., classify
emotion by training on body stimuli and testing on the voice stimuli
from the body session). As the GNB classifier is multi-class by design,
the accuracies are calculated as the ratio of correct predictions to the
total number of predictions regardless of class.

Classification accuracy was computed by averaging the decoding
accuracy of all folds of a leave one-run out cross-validation procedure.
We tested the significance of the observed decoding accuracies at the
group level with a one-sample ¢-test against chance-level and corrected
accuracy maps from each participant for multiple comparisons with
the SPM Family Wise Error (FWE) procedure at p <0.05 (Penny et al.,
2011) (modality chance level =50%, corresponding to two classes;
emotion chance level=25%, corresponding to four classes) with
SPM12.? For visualization purposes, the group volume maps were
mapped to the cortical surface. As this operation involves resampling
the data (during which the original statistical values get lost), surface
maps are displayed with discrete label values instead of continuous
statistical values. Therefore, we do not include a color bar in the surface
map figures.

An additional permutation analysis was performed to further
investigate the robustness of the decoding results. In this method,
decoding accuracies can be compared to results from permuted
emotion labels (i.e., random decoding accuracies) at the group level.
To accomplish this, we generated a set of randomized results (1 =100),
by randomly permuting the emotion labels (these randomizations
were the same for all participants). For each of the randomizations,
the decoding accuracies were calculated for each participant by
repeating the full leave one-run out cross-validation procedure of the
main method at the single subject level with the randomized labels.
These accuracy maps were then tested against the true label accuracies
by performing a paired sample t-test over participants. By using a

2 https://www fil.ion.ucl.ac.uk/spm/software/spm12/
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paired t-test at the group level, we are able to assess how the true
distribution of the decoding accuracies compare to random
(supposedly chance level) accuracies at each voxel. Note that this
method differs from the standard permutation method where the
number of occurrences of the true accuracy being higher than the
randomly sampled ones is counted (resulting in a p-value for each
participant and voxel), but that we use it here because it enables
assessing true vs. random accuracies directly at the group level. At the
final stage, the t-maps were averaged for all participants resulting in a
single averaged t-value group map, and thresholded at ¢>3.9. This
map was then qualitatively compared to the t-map of the main analysis
described above.

ROI analysis

Lastly, to gain more insight into details of the responses regions
known to be relevant for (emotional) sensory processing (V1, fusiform
gyrus, EBA, Al and amygdala), as well as regions known to
be important for emotion or multi-modal integration: the STS and
mPFC (Peelen et al., 2010), we extracted beta values from these ROIs.

Specifically, we used data of an independent localizer to identify,
early visual cortex, rEBA, and rFFA. Multi-sensory regions pSTS and
mPFC were located based on an anatomical definition of these areas.
That is, we utilized a spherical ROI with a radius of 5 voxels centered
on the reported cluster peak locations in Peelen et al. (2010). Finally,
the amygdala was identified using an anatomic definition from the
SPM Anatomy toolbox atlas where left and right Amygdala were
combined in one ROI (Eickhoff et al., 2007). Early auditory cortex was
defined bilaterally anatomically by a 5 mm sphere at the peak location
for Al reported in Warrier et al. (2009).

See Table 1 for details on location and size of the ROIs. From the
ROT’s we made several plots that (1) display the mean beta values for
each of the 12 conditions; (2) display the multivoxel representational
dissimilarity matrix (Kriegeskorte et al., 2008) constructed by
calculating the 1-r (=Pearson’s correlation coefficient) distance metric
for all pairs of category averaged stimuli. The decoding accuracy of all
the ROI voxels for stimulus modality, taken as the average of the
accuracies for decoding of body vs. voice (of the body session) and
face vs. voice (of face session) conditions is presented in Table 2. This
table also includes the decoding accuracies for emotion from all
stimuli, voice, face and body separately, and the crossmodal decoding
accuracies for training the classifier on one modality (e.g., body
emotion) and testing on the voice modality. Statistical results in this
table are FDR corrected (Benjamini and Hochberg, 1995).

TABLE 1 Size and location of the ROls.

ROI CSze  x oy Z
FFA 1,784 39 —52 —26
EV 4,248 —-12 —94 -8
EBA 5,488 45 —67 7

Al L/R 6,152 —57/56 —17/-17 5/8
MPFC 2,976 11 48 17
pSTS 3,256 —47 —62 8
Amygdala L/R 784 —-21/20 —6/—6 —-10/-9

Size is in mm?, location is in MNI coordinates.
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Results

Modality-specific processing of face, body,
and voice stimuli

First, we performed a univariate analysis of sensory-specific (i.e.,
visual vs. auditory) and emotion-specific neural processing. Using
beta values estimated with an RFX GLM on the entire data set (see
Methods), we ran an ANOVA with factors “stimulus type” and
“emotion.” Our results did not show an interaction between emotion
and stimulus type (p>0.01, FDR corrected for multiple comparisons).
type
(Supplementary Figure S1) revealed significant activation clusters

However, as expected, the F-map for stimulus
(p<0.01, FDR corrected for multiple comparisons) with differential
mean activation across stimulus types in primary and higher-order
auditory and visual regions, as well as in motor, pre-motor and dorsal/
superior parietal cortex. We did not observe significant activation
clusters for emotion (p>0.01, FDR corrected). We then tested whether
emotions were processed differentially within stimulus type, i.e., for
faces, bodies and voices separately. These ANOVAs did not reveal an

effect of emotion for any stimulus type (p<0.01, FDR corrected).

Multivariate pattern analysis of modality
related emotion processing

Next, we performed a more sensitive multivariate pattern analysis
(MVPA) using a searchlight approach (Ontivero-Ortega et al., 2017;
see Methods). We sought to confirm the results of the univariate
analysis and to assess whether more fine-grained emotion
representations could be revealed either within a specific stimulus type
or in a supramodal manner. To this end, we began by training the
MVP classifier to decode stimulus type, i.e., visual vs. auditory stimuli.
The classifier was trained separately for the two sessions: body vs.
voice (session 1) and face vs. voice (session 2). In line with
expectations, the classifier could accurately identify stimulus type in
auditory and visual sensory cortices (chance level is 50%, p <0.05,
FWE corrected for multiple comparisons). In addition, we found
clusters of above chance level decoding accuracy in fusiform cortex
and large parts of the lateral occipital and temporo-occipital cortex,
presumably including the extrastriatal body area (EBA; see Figure 1
bottom panel).

We then tested whether the MVP classifier trained to discriminate
emotions on all stimulus types (i.e., face, body and voice combined)
could accurately identify emotion from neural response patterns. Yet,
like the results of the univariate analysis, we did not find classification
accuracies above chance at the group level (that is, at p <0.05, FWE
corrected). Thus, while neural response patterns for stimulus type
could be differentiated well by a MVP classifier, we did not observe a
similarly robust, differentiable representation of emotions across
stimulus types.

We then proceeded to evaluate our main hypothesis using the
MVP classifier, that is, whether emotion specific representations
emerge within modality specific neural response patterns. Specifically,
we trained and tested the classifier to decode emotions within a
specific stimulus modality. The visual stimulus modality consisted of
the combined face and body stimuli and the auditory modality of the
voice stimuli. Within the visual modality (i.e., faces and bodies), the
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TABLE 2 Decoding accuracies group level p-values (FDR corrected) against chance level for the tested ROIs.

. Emotion . . . .

. . Emotion ! Emotion Emotion Emotion Emotion

. . Emotion Emotion : voice ) )
Modality Emotion voice . body > voice > face > voice >
Body Face : session : ;
session 1 > voice body voice face
\%! 0.0035 0.5235 0.5854 0.7936 0.5235 0.7002 0.7936 0.8732 0.0968 0.7002
FFA 0.0035 0.7936 0.713 0.893 0.1088 0.6185 0.6203 0.8732 0.7002 0.8147
EBA 0.0018 0.0661 0.3916 0.0968 0.7002 0.7002 0.8818 0.8818 0.7936 0.7936
Al 0 0.0445 0.9008 0.7936 0.2069 0.0168 0.1773 0.8732 0.7002 0.6203
MPEC 0.4624 0.7002 0.5477 0.713 0.5124 0.8392 0.7002 0.7936 0.5235 0.7002
pSTS 0.0445 0.8247 0.7466 0.7936 0.7009 0.7466 0.7002 0.7936 0.5124 0.7002
LR 0.689 0.6203 0.7936 0.8871 0.5854 0.0661 0.7002 0.168 0.5656 0.0968
amy

Beta values of responses to the stimuli were extracted from an ROI and used to train and test a decoder on stimulus type and emotion from all stimuli or from a specific type and for

crossmodal decoding. For these the header reading x >y (e.g., body > voice) indicated that the decoder was trained on body emotion and was tested on voice stimuli. The table shows

uncorrected p-values as well an indication (*) where the p-value is significant at p<0.05 after FDR correction.

TABLE 3 Results for the decoding of emotion.

Cluster Cluster Peak T
size p(unc)

All stimuli
STSL 38 0.0536 5.8422 0.0000 —62 —34 2
Voice stimuli only
Planum temporale L 749 0.001 6.462 0.000 —58 —34 6
Posterior cingulate gyrus/precuneus 187 0.058 5.654 0.000 8 —34 30
Planum temporale R 210 0.046 5.206 0.000 62 —-18 2
Face and body stimuli
STSL 59 0.0200 6.8069 0.0000 —54 —26 —4
Cingulate gyrus R 92 0.0052 6.5513 0.0000 16 -12 20
Angular gyrus R 27 0.0979 6.4339 0.0000 60 =50 34

classifier could accurately (although not significantly, based on p <0.05
FWE corrected) discriminate emotions in STS, cingulate gyrus and
angular gyrus (p<0.001 uncorrected, cluster size threshold=25), but
not in visual cortex. Within the auditory modality (i.e., voices), the
classifier discriminated emotions accurately in primary and secondary
auditory cortical regions (including the superior temporal gyrus
[STS], and in the precuneus (Figure 1, bottom panel and Table 3) at
p<0.001 uncorrected, cluster size threshold =25). When the classifier
was trained and tested to decode emotion within a specific visual
stimulus type, that is, either the face stimuli or body stimuli,
classification performance was at chance level.

Additionally, we performed a permutation analysis on the
obtained classification results to assess the robustness of the decoding
results (see Methods). The permutation test confirmed that the
classifier can accurately discriminate emotions (compared to
randomized stimulus labels) based on neural activity patterns in
response to stimuli in the auditory modality (voices). For the visual
stimulus modality, the permutation analysis yielded slightly different
results. More specifically, the classifier could discriminate emotions
accurately (compared to randomized stimulus labels) only within
either face stimuli (in STS and PCC) or body stimuli (in ACC), but
not when trained or tested on all visual stimuli combined

Frontiers in Neuroscience

167

(Supplementary Figure S4). Classification results for the classifier
trained and tested on all sensory modalities (i.e., voice, face and body)
were not above the accuracy levels of the randomized stimulus labels
in any region. The results show that in this study no evidence was
found for visual-auditory modality independent representations.

Finally, we performed an additional MVP classification analysis
to evaluate whether supramodal emotion processing regions can
be identified in the brain by training a classifier to decode emotion
across stimulus modalities. Being able to predict emotion by training
on one modality and testing on another modality would be a strong
indication of supramodal emotion encoding in the brain. Therefore,
the cross-modal classifier was trained (or tested) on either the body or
face stimuli and tested (or trained) on the voice stimuli from the body
or face session, respectively. Thus, four whole-brain searchlight
classifiers were trained in total (training on body and testing on voice,
training on voice, and testing body, training on face and testing on
voice, training on voice and testing on face). In contrast to the
successful and significant decoding of modality and the successful
decoding of emotion within stimulus type, none of these cross-modal
classifiers resulted in accurate decoding of emotion (p<0.05 FWE
corrected, as well as at p<0.001 uncorrected with cluster size
threshold =25).
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Assessing emotion representations in
neural response patterns in regions of
interest

As a last step, we evaluated whether primary sensory regions
(A1 and V1) and regions that have been previously implicated in
emotion processing (fusiform gyrus, EBA, amygdala) or in multi-
modal regions implicated in supramodal emotion processing
(pSTS and mPFC; Peelen et al, 2010) contained emotion
processing using a more sensitive region-of-interest (ROI) analysis.
In line with our approach in the previous analyses, we began by
testing whether the classifier can discriminate sensory modality
(visual vs. auditory) in the ROIs. The classifier could accurately
identify the sensory modality of a stimulus in sensory cortices—as
expected—but also in pSTS (p<0.05, FDR corrected). We then
assessed whether the classifier was able to discriminate emotion
when trained and tested on all modalities together (face, body,
voice). The classifier was successful only in primary auditory cortex
(A1). Like our previous results, when the classifier operated on the
data of each sensory modality in isolation, decoding accuracies
were above chance level for voice session 2 emotion in Al. Emotion
could not be decoded above chance level in the supramodal regions
(mPFC and pSTS). Thus, while visual and auditory stimuli elicit
distinct neural response patterns in the ROIs that can robustly
be discriminated by a MVP classifier, the emotions used here do
not elicit specific neural response patterns. A representational
dissimilarity matrix (RDM) analysis confirms that most ROIs
considered here exhibit a strong modulation by sensory modality,
except for mPFC and amygdala. However, no robust emotion
representations were observed in these ROIs (Figure 2,
Supplementary Figure S2).

Discussion

This study addressed a central question in the emotion literature
that arises once investigations of human emotion expressions move
beyond the traditional focus on facial expression. Our goal was to
investigate whether implicit, ecologically valid processing of emotion
expressions in either the face, the voice or the whole body is specific
for the stimulus category. We used MVPA to find evidence of abstract
representations that would be common to the different stimulus
modality categories. Our results show that the brain contains several
regions with emotion-specific representations. Importantly, in the
absence of explicit emotion recognition instructions these emotion-
specific representations were restricted to the respective stimulus
modality or category (i.e., face, body, voice) and we did not find
evidence for abstract emotion representation. Our design was entirely
motivated by the focus on the sensory processes useful for emotion
decoding and not on the more traditional question of how emotions
are represented in the brain or how emotions are subjectively
experienced. In line with this, we opted for a task that turned
attention away from the stimulus presented. One may argue that the
fact that we did not find modality general results for the emotion
categories per se might have been due to this distracting task. But this
was exactly the purpose as we wanted to focus on attention
independent processes.
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Our study presents a novel approach to the neural mechanisms
underlying implicit emotion processing because we used naturalistic
stimuli from three different categories and a specific task paradigm
that focused on implicit emotion processing. Our results, converging
across analysis techniques, highlight the specific contributions and the
neural basis of emotional signals provided by each sensory modality
and stimulus category. In a departure from the few previous studies
using a partially comparable approach, we found evidence for sensory
specific rather than abstract supramodal representations during
implicit emotion processing (different from recognition or experience)
that sustain perception of various affective signals as a function of the
modality (visual or auditory) and the stimulus category (face, voice,
or body).

To understand our findings against the background of the
literature, some specific aspects of our study must be highlighted.
We used dynamic realistic face and body stimuli instead of point light
displays or static images. The latter are also known to complicate
comparisons with dynamic auditory stimuli (Campanella and Belin,
2007). Next, our stimuli do not present prototypical emotion
representations obtained by asking actors to portray emotions but
present spontaneous face, voice and whole body reactions to images
of familiar events. The expressions we used may therefore be more
spontaneous and trigger more sensorimotor processes in the viewer
than posed expressions. Third, many previous studies used explicit
emotion recognition (Lee and Siegle, 2012), passive viewing (Winston
et al., 2003), implicit tasks like gender categorization (Dricu and
Fruhholz, 2016) or oddball tasks presented in the same modality as
the stimulus. In contrast, our modality specific oddball task is
presented in the alternate modality of the stimulus presentation
thereby diverting attention not only from the emotion content but also
from the perceptual modality in which the target stimuli of that block
are shown. We discuss separately the findings on the major research
questions. However, before turning to detailed results we clarify
whether a different definition of amodal representation than adopted
here and in the literature influences the conclusions.

Amodal or supramodal representations

A supramodal representation of emotions in the brain is
presumably a brain regions that exhibits activity patterns specific to
the abstract meaning of the stimulus but that are independent from
the sensory modality (visual, auditory) and the stimulus category
(face, body, voice) as in Peelen et al. (2010). These authors speculated
these areas possibly host abstract emotion coding neurons (Peelen
et al., 2010). More recently, Schirmer and Adolphs (2017) also relate
processing of face and voice expressions in pSTS and PFC to abstract
emotion representations and emotional meaning.

However, it is important to underscore that those previous
findings about amodal representations were obtained with an explicit
recognition task that is very different from the orthogonal task
we used here. Results obtained in emotion experiments are closely
linked to the task used and this is certainly the case for measures of
amygdalae activity (De Gelder et al., 2012). For example, in a recent
study addressing the issue of explicit vs. implicit emotion tasks
we found major differences in the brain representation of body
emotion expressions as a function of explicit vs. implicit recognition
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FIGURE 2

Right column: Location of the ROI (see main text for abbreviations). Left column: Trial-wise beta values for all 16 conditions: 4xtype (body, face, voice
session 1 and voice session 2) and 4x emotion (indicated by color: anger-happy-neutral-fear) averaged over the ROl and group. Error bars indicate SE.
Middle column: Representational dissimilarity matrix for the ROI. Blue colors indicate that responses to a pair of categories were similar (1-Pearson’s r),
yellow colors indicate dissimilarity. The matrices are ordered from top-left to bottom-right in blocks of 4 by 4 for the emotional expressions in order of
angerhappy-neutral-fear. Blocks are ordered by stimulus type as indicated by the icons and text: body, face, voice sessionl and voice session 2.
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(Marrazzo et al., 2020). Furthermore, in older studies of our group
that do not use MVPA we already systematically found that the
similarities and differences between brain representation of face and
body expressions is a function of the specific expression just as well as
the stimulus category (Van de Riet et al., 2009; Kret et al., 2011a).

To put this issue in a boarder context, the notion of supramodal
emotion representation has close conceptual links with the traditional
theories of human emotions and mental states. Future experiments
may start from other emotion theories focusing less on mental states
and more on behavior and emotions as adaptive actions (de Gelder
and Poyo Solanas, 2021). For example, it has long been argued that
an action theory as opposed to a mental state theory of emotions
(Frijda, 1987; De Gelder et al., 2004) implies a different picture of
how the brain sustains emotional processes that the traditional
notion of the six predefined basic emotions going back to Ekmans’
emotion theory.

In the domain of emotion studies support for modality
independent or abstract representations goes back to Ekmans’ views
but another area where this issue is debated is in studies on sensory
deprivation. Studies of face, voice and whole body expressions in
populations with sensory deprivation are very important to clarify and
substantiate our findings underscoring the importance of category
and modality specificity. Currently very few studies are available that
address this issue. Interestingly, there is evidence for residual
perception of face, body and voice perception in patients with cortical
blindness following partial or complete striate cortex lesion (reviewed
in Tamietto and De Gelder, 2010). These findings underscore the role
of subcortical structures and draw attention to the fact that the issue
is broader than that of cortical plasticity. Important as it is, this
discussion is outside the scope of the present report.

An issue that is directly relevant is the following. Based on the
literature it is not yet clear what findings for example from congenital
blindness would constitute clear and direct evidence for abstract
representations. The finding that congenitally blind individuals react
to happy speech sounds by smiling (Arias et al., 2021) provides
evidence that production of facial expressions does not require
learning. However, by itself this does not constitute evidence for
abstract representations. Nor does it show that such abstract
representations need to play a crucial role in triggering facial
expressions when a congenitally blind individual is exposed to smiles
in speech. Indeed, production of smiles in reaction to “hearing” smiles
can be explained parsimoniously by auditory-motor associations.
Such an explanation does not require any crucial appeal to high order
abstract representations. Undoubtedly, the many ways in which the
brain processes information input from the different sensory systems
is likely to involve also abstract layers of representations, depending
or not on language. But their explanatory value is dependent on task
settings and stimulus context.

Univariate analysis

Although our goal was to characterize neural responses with
MVPA techniques, for the sake of comparisons with the literature,
we also briefly discuss our univariate results. How do these results
compare to findings and meta-analyses in the literature? In fact, there
are no previous studies that used comparable materials (four emotion
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categories, three stimulus types, two modalities) and a different
modality centered task as done here. The studies that did include
bodies used only neutral actions, not whole body emotion expressions
(Dricu and Fruhholz, 2016) except for one study comparing face and
body expression videos by Kret et al. (2011a). Only the study by Peelen
et al. used faces, bodies, and voices, but with a very different task as
we discuss below (Peelen et al., 2010).

Compared to the literature, the findings of the univariate analysis
present correspondences as well as differences. A previous study (Kret
et al,, 2011a) with face and body videos used only neutral, fear and
anger expression and a visual oddball task. They reported that EBA
and STS show increased activity to threatening body expressions and
FG responds equally to emotional faces and bodies. For the latter,
higher activity was found in cuneus, fusiform gyrus, EBA, tempo-
parietal junction, superior parietal lobe, as well in as the thalamus
while the amygdala was more active for facial than for bodily
expressions, but independently of the facial emotion. Here we replicate
that result for faces and bodies and found highly significant clusters
with differential mean activation across stimulus types in primary and
higher-order auditory and visual regions, as well as in motor,
pre-motor and dorsal/superior parietal cortex
(Supplementary Figure S1). Regions sensitive to stimulus category
were not only found in primary visual and auditory cortex as expected
but also in motor, pre-motor and dorsal/superior parietal cortex
consistent with the findings in Kret et al. (2011a). To summarize, this
univariate analysis including three stimulus types and four emotion
categories replicates some main findings about brain areas involved,
respectively, in face, body and voice expressions.

Multivariate analysis

The goal of our multivariate approach was to reveal the areas that
contribute most strongly to an accurate distinction between the
modalities and the stimulus emotion. Our MVPA searchlight analysis
results show that stimulus modality can be decoded from the early
sensory cortices and that emotion can be decoded in STG for voice
stimuli with relatively high accuracy. In STS, cingulate and angular
gyrus emotion could be decoded for face and body stimuli but only
with low accuracies and lenient thresholding at the group level. On the
other hand, we could not clearly identify supramodal emotion regions,
defined by voxel patterns where emotion could be decoded and that
would show very similar voxel patterns for the same emotion in the
different modalities. This indicates that the brain responds to facial,
body and vocal emotion expression in a sensory specific fashion. Thus,
the overall direction pointed to by our results seems to be that that
being exposed to emotional stimuli (that are not task relevant and
while performing a task requiring attention to the other modality than
that in which the stimulus is presented) is associated with brain
activity that shows both an emotion specific and a stimulus and
modality specific pattern.

ROI analysis

To follow up on the whole-brain analysis we performed a detailed
and specific analysis of several ROIs. For the ROIs based on the
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localizer scans (early visual areas as well as FFA and EBA) stimulus
type could be decoded and these results are consistent with the MVPA
searchlight analysis. The A1 ROI showed above chance emotion
decoding (from all stimuli or within a specific stimulus type/session).
However, this region also displayed strong stimulus type decoding
with no evidence of supramodal representations. Additionally, a
strong effect of emotion is seen in the RDM plots in Figure 2; however,
a correlational structure relating to emotion is not clearly visible
within the stimulus type/session blocks. These results, together with
the searchlight results, lead us to reject the hypothesis that the human
brain has stimulus modality or type invariant representations of
basic emotions.

Modality specific emotion representations

Two previous MVPA studies addressed partly similar issues
investigated in this study using faces, bodies and voices (Peelen et al.,
2010) or bodies and voices and MVPA (Whitehead and Armony,
2019). The first study reported medial prefrontal cortex (MPFC) and
posterior superior temporal cortex as the two areas hosting abstract
supramodal emotion representations. These two areas are not found
in our MVPA searchlight analysis. To understand the present result, it
is important to remember that in the above studies participants were
instructed to label the perceived emotional expressions. One
motivation was that explicit judgments would increase activity in
brain regions involved in social cognition and mental state attribution
(Peelen et al., 2010). In contrast, the motivation of the present study
was to approximate naturalistic perception conditions where people
often act before and independently of tagging a label on their
experience. Our design and task were intended to promote
spontaneous non-focused processes of the target stimuli and did not
promote amodal conceptual processing of the emotion content. It is
likely that using an explicit recognition task would have activated
higher level representations, e.g., orbitofrontal cortex, posterior STS,
prefrontal cortex and posterior cingulate cortex that would then feed
back to lower level representations and modulate these toward more
abstract representations (Schirmer and Adolphs, 2017). Note that no
amygdala activity was reported in that study. The second study using
passive listening or viewing of still bodies and comparing fear and
neutral expressions also concludes about a distributed network of
cortical and subcortical regions responsive to fear in the two stimulus
types they used (Whitehead and Armony, 2019). Of interest is their
finding concerning the amygdalae and fear processing. While in their
study this is found across stimulus type for body and voice, the
classification accuracy when restricted to the amygdalae was not
significantly above chance. They concluded that fear processing by the
amygdalae heavily relies on contribution of a distributed network of
cortical and subcortical structures.

Our findings suggest a novel perspective on the role of the
different sensory systems and the different stimulus categories that
convey affective signals in daily life. Paying attention to sensory
specificity of affective signals may reflect better the role of emotions
as seen from an evolutionary perspective and it is compatible with an
ecological and context sensitive approach to brain organization (Cisek
and Kalaska, 2010; Mobbs et al., 2018; de Gelder and Poyo Solanas,
2021). For comparison, a similar approach not to emotion concepts
but to cognitive concepts was argued by Barsalou et al. (2003). This
distributed organization of emotion representation may be more akin
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to what is at stake in the daily experience of affective signals and how
they are flexibly processed for the benefit of ongoing action and
interaction in a broader perspective of emotions as states of action
readiness (Frijda, 2004).

Our results are relevant for two longstanding debates in the
literature, one on the nature and existence of abstract emotion
representations and basic categories and the other on processes of
multisensory integration. Concerning the first one, our results have
implications for the debate on the existence of basic emotions (Ekman,
2016). Interestingly, modality specificity has rarely been considered as
part of the issue as the basic emotion debate largely focusses on facial
expressions. The present results might be viewed as evidence in favor
of the view that basic emotions traditionally understood as specific
representations of a small number of emotions with an identifiable
brain correlate (Ekman, 2016) simply do not exist but that these are
cognitive-linguistic constructions (Russell, 2003). On the one hand,
our results are consistent with critiques of basic emotions theories and
meta-analysis (Lindquist et al., 2012) as we find no evidence for
representations of emotions in general or specific emotions within or
across modality and stimuli. Affective information processing thus
appears not organized as categorically, neither by conceptual emotion
category nor by modality, as was long assumed. Emotion
representation, more so even than object representation, may possibly
be sensory specific or idiosyncratic (Peelen and Downing, 2017) and
neural representations may reflect the circumstances under which
specific types of signals are most useful or relevant rather than abstract
category membership. This pragmatic perspective is consistent with
the notion that emotions are closely linked to action and stresses the
need for more detailed ethological behavior investigations (de
Gelder, 2016).

Additionally, the notion that supramodal representations of basic
emotions are the pillars of emotion processing in the brain and are the
basis allow of smooth translation and convergence between the
different sensory modalities is not fully supported by the literature.
First, since the original proposal by Ekman (1992) and the
constructivist alternative argued by Russell (2003) and most recently
Lewis et al. (2010) and Barrett (2017), the notion of a set of basic
emotions with discrete brain correlates continues to generate
controversy (Kragel and LaBar, 2016; Saarimaki et al., 2016). Second,
detailed meta-analyses of crossmodal and multisensory studies,
whether they are reviewing the findings about each separate modality
or the results of crossmodal studies (Dricu and Fruhholz, 2016;
Schirmer and Adolphs, 2017), provide a mixed picture. Furthermore,
these meta-analyses also show that several methodological obstacles
stand in the way of valid comparisons across studies. That is, taking
into account the role of task (incidental perception, passive perception,
and explicit evaluation of emotional expression) and the use of
appropriate control stimuli limits the number of studies that can validly
be compared. Third, findings from studies that pay attention to
individual differences and to clinical aspects reveal individual
differences in sensory salience and dominance in clinical populations,
for example in autism and schizophrenia. For example Karle et al.
(2018) report an alteration in the balance of cerebral voice and face
processing systems and attenuated face-vs-voice bias in emotionally
competent individuals. This is reflected in cortical activity differences
as well as in higher voice-sensitivity in the left amygdala.
Finally, even granting the existence of abstract supramodal
representations—presumably in higher cognitive brain regions—it is
unclear how they relate to earlier stages of affective processing where
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the voice, the face and the body information are processed by different
sensory systems comprising distinct cortical and subcortical structures.
Based on previous literature general, supramodal or “abstract”
representations might have been expected in brain regions such as the
orbitofrontal and anterior cingulate cortex. But as noted above, these
are most often reported in studies asking participants for explicit
recognition and decisions on emotion categories. The modality-specific
activations that were can thus not be compared with activations for
abstract categories but they are interesting by virtue of their horizontal
differences between each other.

It is important to make a clear distinction between supramodal
perception and multisensory integration. Our study did not focus on
multisensory perception, but our findings may have implications for
theories of multisensory integration by challenging a strict hierarchical
model. Studies reaching beyond facial expressions have primarily been
motivated how the same emotion as defined by the facial expression
may be communicated by different stimulus types. Our group has
initiated studies on multi-stimulus and multi-modal perception and
found rapid and automatic influence of one type of expression on
another [face and voice (de Gelder et al., 1999); face and body (Meeren
et al., 2005); face and scene (Righart and de Gelder, 2008; Van den
Stock et al., 2013); body and scene (Van den Stock et al., 2014);
auditory voice and tactile perception (de Borst and de Gelder, 2017)].
These original studies and subsequent ones (Miiller et al., 2012)
investigated the impact of one modality on the other and targeted the
area(s) where different signals converge. For example, Miiller et al.
(2012) report posterior STS as the site of convergence of auditory and
visual input systems and by implication, as the site of multisensory
integration. Different affective expression signals may have horizontal
and context sensitive links rather that connections that presuppose
abstract emotion representations.

Limitations

Our motivation to include three stimulus categories led to some
limitations of the current design because two separate scanning
sessions were required to have the desired number of stimulus
repetitions. To avoid that the comparison of representations of stimuli
from two different sessions was biased by a session effect, we did not
include any results that referred to differences or commonalities of
stimuli from different sessions (e.g., bodies vs. faces). Another possible
limitation of our study is the relatively small sample but this is
compensated for by the use of very sensitive methods (MVPA and
crossvalidation). Furthermore, a familiar difficulty in investigating the
processing of high-order emotion perception is the relation between
low-level stimulus properties (in terms of spatial and temporal
statistics) and higher order emotion categories. Conversely, human
detection of emotion in visual or auditory samples might be based on
low-level spatio-temporal properties, and matching samples for these
properties might result in unnatural appearing stimuli. To remain with
the characteristics derived from the expression production we used
the vocalizations as they were produced together with the face and
body expressions. As they were not controlled for low-level acoustic
features across emotions, our results from the decoding of emotion
from the voice stimuli may partly reflect these differences. But a
proper control for low level features in turn requires a better
understanding of the relative (in)dependence between lower and
higher-level features. Presumably bottom-up and top-down
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interactions determine the course of affect processing as seen for
visual features of whole body expressions (Vaessen et al., 2019; Poyo
Solanas et al., 2020). An analysis of low-level stimulus characteristics
(see Supplementary Figure S3) did not reveal strong correlations
between emotion category and features. Conversely, this analysis
revealed that within category (possibly due to different actors) and
between emotion category variances were similar.

Conclusion

Our results show that the brain correlates of emotional signals
from the body, the face of the voice are specific for the modality as
well as for the specific stimulus. These findings underscore the
importance of considering the specific contribution of each modality
and each type of affective signal rather than only their higher order
amodal convergence possibly related to explicit recognition task
demands. We suggest that future research may investigate the
differences between the emotion signals and how they are
complementary as a function of the context of action and not only at
abstract, amodal similarity. Another source of representational
variability that would need to be addressed is whether under natural
conditions, the sensory modality carrying emotion information has
its own preferred functionality such that, e.g., fear would more
effectively conveyed by the face, anger by the body and happiness by
the voice. If so, brain representation of emotions would
be characterized by specific emotion, modality and spatial context
combinations and behavioral relevance (Downar et al., 2001, 2002).
highly
neuroethologically grounded research program that should start

These are relevant considerations for a future

from detailed behavioral observations of how face, body, and voice
expressions function in naturalistic contexts.
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