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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

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
et al., 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

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 (Müller 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,

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”

TABLE 1 Inclusion and exclusion criteria.

Inclusion criteria Exclusion criteria

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

According to Participants, Concept and Context
• Presence of concomitant neurological disorders or psychiatric illnesses.
• 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
• MNI or Talairach coordinates not reported.
• No univariate analysis (i.e., multivoxel analysis, machine learning, functional
connectivity).
• No “within group”- based contrasts.
• Region of Interest (ROI) instead of whole brain analysis.
• Less than three participants per group.
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FIGURE 1

PRISMA flow chart and characteristics of studies included in the meta-analysis according to datasets and the specific functional domains they
investigated.

(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

Navigation” dataset only included 6 contrasts (78 foci; 50
subjects) which is well below guidelines criteria (Müller
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 (Müller et al., 2018).
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TABLE 2 Overview of included studies.

REFERENCES FUNCTIONAL
DOMAIN

METHOD N SUBJECTS TASK CONTRASTS FOCI EB FOCI LB FOCI SC MAIN FINDINGS

SPATIAL NAVIGATION
Dodsworth, 2019* Active echolocation fMRI 5 Blind (4 EB, 1

LB), 8 SC
Active echolocation for

navigation, with echoes > No
echoes; Route > Scrambled

route

30 – 19 During echolocation-based navigation, expert
echolocators recruited parts of the occipital cortex
(MOG, cuneus, precuneus) and small area in the
parahippocampus.

Fiehler et al., 2015 Active echolocation fMRI 6 EB, 3 SC [expert or novice] Active
echolocation for path direction,

with echoes > No echoes

6 – 9 Path direction discrimination via echoes recruited
premotor cortex, SPL, IPL and IFC in all groups. EB
additionally recruited parts of the occipital cortex.

Gagnon et al., 2012 Tactile maze
learning

fMRI 11 EB, 14 SC Maze learning > Rest 16 – 5 EB activated the right hippocampus and
parahippocampus, occipital cortex and fusiform gyrus.
Those activations increased across three runs.

Halko et al., 2014 Virtual navigation fMRI 9 EB Virtual navigation > Motor
control; Planning

period > Motor control

14 – – Right TPJ activation during planning and execution of
the task, which correlated with performance and
subjective independence level in daily travels.

He et al., 2013 Landmark objects fMRI 16 EB, 17 SC Large non-manipulable
objects > tools & animals

5 – 5 EB and SC activate PPA, RSC and left TOS in both visual
(pictures of objects and scenes) and auditory (language)
modalities.

Kupers et al., 2010 SSD & route
recognition

fMRI 10 EB, 10 SC Route recognition > Scrambled
route

30 – 20 Like SC (full Vision), EB activated areas in the visual
cortex (IOG, 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, 3 SC [expert or novice] Active
echolocation, with material

echoes > No echoes

20 – 6 EB expert echolocators activated calcarine sulcus during
echolocation and parahippocampal cortex
(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 13 EB, 13 SC 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 4 EB, 3 LB, 7 SC Spatial Layout > Non-spatial
object

12 12 5 For spatial layouts, EB activated PPA, RSC,
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

localization
fMRI 12 EB, 12 SC Auditory identification and

localization > Detection
25 – 13 In the auditory localization task, EB displayed higher

(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
processing

fMRI 10 EB, 5 LB, 21 SC High motion + low
motion > Rest

3 0 9 hMT/hMST response only found in EB.
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TABLE 2 (Continued)

REFERENCES FUNCTIONAL
DOMAIN

METHOD N SUBJECTS TASK CONTRASTS FOCI EB FOCI LB FOCI SC MAIN FINDINGS

Bonino et al., 2008 Tactile spatial
working memory

fMRI 4 EB Tactile recognition and spatial
memory maintenance > Rest

76 – – EB activate (pre)frontal (premotor, SMA, PFC) and
parietal cortical (SPL, precuneus, IPS) areas, as well as
lateral occipital cortex and cerebellum.

Bonino et al., 2015 Tactile angle
discrimination

fMRI 9 EB, 10 SC Angle discrimination > Control 3 – 9 EB and SC recruited PPC, intraparietal regions, middle
frontal and premotor areas. EB also recruited
ventro-temporal, temporo-occipital and dorsal occipital
regions. These activations were correlated to behavioral
performance.

Chan et al., 2012 Auditory
localization

fMRI 11 EB, 14 SC Distance
estimation > Detection

18 – 16 After training, EB increasingly activated R-inferior
parietal cortex, L-hippocampus, R-cuneus, whereas no
difference was found for SC in pre vs post-training.

Collignon et al., 2011 Auditory
localization

fMRI 11 EB, 11 SC Spatial judgment > Pitch
judgment

36 – 14 Spatial judgments involved the dorsal network (IPL,
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
processing

fMRI 16 EB, 15 SC Motion perception > Static 9 – 10 Auditory motion activated fronto-temporo-parietal
network in both groups; only EB activated occipital
areas (bilateral MOG and SOG), including areas
hMT + /V5 and V3A.

Gougoux et al., 2005 Auditory
localization

PET 12 EB, 7 SC [Superior or Normal] Binaural
and Monaural Sound

Localization > Control

36 – 24 Both groups activated inferior parietal cortex. Occipital
activations (striate and ventral extrastriate cortex) only
in EB with superior sound localization. More extensive
frontal activations for monaural localization.

Matteau et al., 2010 Tactile motion
processing

fMRI 8 EB, 9 SC Motion perception > Rest 24 – 17 hMT + , parietal (IPL, SPL) and frontal activations in EB
and SC. EB also recruited right occipital cortex (BA 19).

Park et al., 2011 Auditory spatial
working memory

fMRI 10 EB, 10 SC 2-back Working Memory of
Location > 0-back Detection

11 – 7 Both groups activated prefrontal and parietal regions,
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
orientation
processing

PET 6 EB, 5 SC Pattern Orientation
Detection > Random dots (no

pattern)

19 – 18 After training with TDU, only EB activated occipital
(cuneus, inferior, medial and lateral occipital cortex),
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
processing

PET 7 EB, 6 SC Motion Discrimination > Rest 10 – 10 EB recruited hMT, V1 (cuneus), V3 (MOG), IPS. EB and
SC activated frontal areas (MFG, MedFG), SMG and
cerebellum. SC activated PCG and insula.

Renier et al., 2010 Auditory and tactile
localization

fMRI 12 EB, 12 SC Localization > Identification or
Detection

26 – 17 R-MOG activity during auditory and tactile spatial
processing in EB; this activity was correlated with
localization performance. R-MOG deactivation in
blindfolded SC.

(Continued)
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TABLE 2 (Continued)

REFERENCES FUNCTIONAL
DOMAIN

METHOD N SUBJECTS TASK CONTRASTS FOCI EB FOCI LB FOCI SC MAIN FINDINGS

Ricciardi et al., 2007 Tactile motion
processing

fMRI 4 EB, 7 SC Motion Stimuli > Static Stimuli 38 – 25 EB and SC activated hMT + , parietal (IPS), and ventral
and inferior temporal regions. Only EB activated
motion-responsive areas V3A and V7.

Stilla et al., 2008 Tactile spatial
processing

fMRI 5 EB, 5 LB Tactile microspatial
discrimination > Tactile
temporal discrimination

41 20 – Somatosensory, posterior and ventral IPS, frontal (FEF,
PMv) and occipital (IOS, LOC, fusiform gyrus) areas
were spatially responsive in both EB and LB.

Striem-Amit et al., 2012 SSD & spatial
representations

fMRI 11 EB, 9 SC Location > Shape 14 – 15 In both EB and SC, the location task activated parts of
the dorsal stream, including the precuneus. Only EB
activated occipital visual areas, including V1.

Tao et al., 2015 Auditory
localization

fMRI 15 EB, 17 LB Localization > differentiation 11 4 – EB more strongly activate occipital areas (R-MOG),
while LB more strongly activated prefrontal areas
involved in visuospatial working memory.

Tao et al., 2017 Auditory
localization

fMRI 11 EB, 13 LB Localization > discrimination 7 7 – After sound localization training, precuneus activation
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
localization

PET 6 LB, 7 SC Binaural and monaural sound
localization > Control

– 7 0 LB did not demonstrate enhanced performances
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
localization

PET 12 EB, 6 LB, 7 SC Binaural and monaural sound
localization > Control

19 16 7 EB, but not LB, activated occipital visual areas. LB
activated right medial and lateral occipitotemporal
cortex.

Voss et al., 2011 Auditory
localization

PET 12 EB, 6 LB, 7 SC [Supperior or normal]
Monaural sound localization
with spectral cues > Control

15 19 14 Occipital activations (cuneus, lingual gyrus, IOG) in all
groups but stronger in EB and LB. Activations in left
lingual gyrus, left precentral sulcus and inferior frontal
cortex boundary correlated with performance.

Weeks et al., 2000 Auditory
localization

PET 9 EB, 9 SC Localization > Rest 17 – 12 EB activated occipital cortex (parieto-occipital, dorsal,
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; IOS, 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; PMv, 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; TPJ, temporal parietal junction.
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Meta-analysis

We used the GingerALE software (version 3.0)1 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 EB∩SC.

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 (Müller 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 (Müller 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.2 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

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
(MFG), 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
(% of cluster
volume)

Brodmann areas
(% of cluster
volume)

Cluster
center (MNI

x,y,z)

Cluster size
(mm3)

Max ALE or
Z value

Contributing studies

EB

1 Precuneus (69%),
Cuneus (28%), SPL
(3%)

7 (62%), 19 (36%), 18
(2%)

(20,-73,47) 3,608 0.0203 Weeks et al., 2000; Gougoux et al.,
2005; Ptito and Kupers, 2005; Stilla
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%),
Precuneus (42%),
IPL (4%)

7 (93%), 40 (7%) (33, –47,48) 2,960 0.0197 Weeks et al., 2000; Gougoux et al.,
2005; Stilla et al., 2008; Voss et al.,
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
(24%), SMG (11%),
Precuneus (11%)

40 (65%), 7 (35%) (–35, –44,49) 2,096 0.0213 Weeks et al., 2000; Matteau et al.,
2010; Renier et al., 2010; Collignon

et al., 2011; Park et al., 2011; Anurova
et al., 2015; Tao et al., 2015; Dormal

et al., 2016

4 PCG (58%), MFG
(42%)

6 (100%) (34, –4,53) 1,920 0.0185 Gougoux et al., 2005; Ricciardi et al.,
2007; Stilla et al., 2008; Voss et al.,
2008; Renier et al., 2010; Collignon

et al., 2011; Voss et al., 2011;
Striem-Amit et al., 2012; Anurova

et al., 2015; Tao et al., 2015

5 MFG (71%), PCG
(22%), Sub-gyral
(7%)

6 (98%), 4 (1%) (–25, –6,56) 1,808 0.0226 Stilla et al., 2008; Matteau et al., 2010;
Renier et al., 2010; Collignon et al.,

2011; Anurova et al., 2015; Tao et al.,
2015

6 Precuneus (78%),
Cuneus (22%)

7 (86%), 19 (14%) (–15, –74,46) 1,576 0.0163 Weeks et al., 2000; Ptito and Kupers,
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
(25%), MTG (25%),
MOG (21%),

19 (45%), 37 (40%) (49, –68, –2) 1,424 0.0146 Gougoux et al., 2005; Bonino et al.,
2008; Voss et al., 2008; Ptito et al.,

2009; Renier et al., 2010; Voss et al.,
2011; Anurova et al., 2015; Dormal

et al., 2016

8 MedFG (51%),
Cingulate Gyrus
(25%), SFG (24%),

6 (54%), 32 (21%), 24
(19%), 8 (5%)

(7,12,48) 4,136 0.0184 Ricciardi et al., 2007; Stilla et al., 2008;
Matteau et al., 2010; Renier et al.,

2010; Anurova et al., 2015; Tao et al.,
2015

SC

1 IPL (88%), SMG
(9%), Sub-Gyral
(3%)

40 (100%) (44, –42,38) 2,208 0.0156 Weeks et al., 2000; Ptito et al., 2009;
Matteau et al., 2010; Renier et al.,
2010; Collignon et al., 2011; Chan
et al., 2012; Anurova et al., 2015;

Dormal et al., 2016

2 Insula (67%),
Claustrum (24%),
IFG (9%)

13 (74%), 47 (1%), 45
(1%)

(36,22,4) 2,080 0.0248 Ptito et al., 2005; Gougoux et al., 2005;
Voss et al., 2008; Ptito et al., 2009;
Bedny et al., 2010; Matteau et al.,

2010; Renier et al., 2010; Voss et al.,
2011; Anurova et al., 2015

2 MFG (53%), PCG
(25%), Sub-Gyral
(18%), SFG (5%)

6 (100%) (32,1,58) 2,064 0.0221 Gougoux et al., 2005; Ricciardi et al.,
2007; Voss et al., 2008; Ptito et al.,
2009; Renier et al., 2010; Collignon
et al., 2011; Park et al., 2011; Voss

et al., 2011; Dormal et al., 2016

(Continued)
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TABLE 3 (Continued)

# Cluster Brain regions
(% of cluster
volume)

Brodmann areas
(% of cluster
volume)

Cluster
center (MNI

x,y,z)

Cluster size
(mm3)

Max ALE or
Z value

Contributing studies

4 Insula (64%),
Claustrum (36%)

13 (64%) (–32,21,5) 1,600 0.0238 Gougoux et al., 2005; Ptito et al., 2005;
Voss et al., 2008; Bedny et al., 2010;
Matteau et al., 2010; Renier et al.,

2010; Voss et al., 2011; Anurova et al.,
2015

5 IFG (57%), MFG
(34%), PCG (9%)

9 (90%), 6 (9%), 8 (1%) (57,15,30) 1,520 0.0148 Gougoux et al., 2005; Ricciardi et al.,
2007; Voss et al., 2008; Bedny et al.,
2010; Voss et al., 2011; Chan et al.,
2012; Bonino et al., 2015; Dormal

et al., 2016

6 IPL (83%), SMG
(15%), SPL (2%)

40 (98%), 7 (2%) (–37, –47,46) 1,368 0.0159 Gougoux et al., 2005; Voss et al., 2008;
Renier et al., 2010; Park et al., 2011;
Voss et al., 2011; Dormal et al., 2016

7 PCG (62%), MFG
(38%)

6 (88%), 4 (12%) (–30, –8,53) 1,072 0.0168 Matteau et al., 2010; Collignon et al.,
2011; Anurova et al., 2015; Dormal

et al., 2016

EB > SC

1 ITG (30%), IOG
(25%), MTG (25%),
MOG (20%)

19 (45%), 37 (40%) (50, –69, –3) 1,256 3.29 Z Gougoux et al., 2005; Bonino et al.,
2008; Voss et al., 2008; Ptito et al.,

2009; Renier et al., 2010; Voss et al.,
2011; Anurova et al., 2015

2 Precuneus (58%),
Cuneus (42%)

19 (61%), 7 (32%), 18
(7%)

(21, –80,44) 1,024 3.29 Z Ptito et al., 2005); Renier et al., 2010

3 Precuneus (97%),
Cuneus (3%)

7 (89%), 19 (11%) (–14, –76,46) 648 3.29 Z Ptito et al., 2005; Tao et al., 2015

SC > EB

NA

EB ∩ SC

1 MFG (53%), PCG
(47%)

6 (97%), 4 (3%) (–29, –8,53) 736 0.0159 Matteau et al., 2010; Renier et al.,
2010; Collignon et al., 2011; Dormal

et al., 2016

2 IPL (83%), SMG
(15%), SPL (2%)

40 (98%), 7 (2%) (–37, –45,47) 688 0.0142 Weeks et al., 2000; Renier et al., 2010;
Collignon et al., 2011; Dormal et al.,

2016

3 PCG (58%), MFG
(42%)

6 (100%) (33, –3,54) 488 0.014 Ptito et al., 2009; Renier et al., 2010;
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

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 mm3) 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
analyses

Here, we performed ALE analyses on spatial processing and
spatial navigation tasks combined. Detailed information about
all significant clusters can be found in Table 5 and Figure 4.

Single meta-analyses
The ALE analysis revealed nine significant clusters in EB,

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
ACC. Clusters in the occipital lobe included the cuneus, lingual
gyrus, and right MOG. Clusters in sub-lobar structures included
the insula and claustrum. For SC, six clusters were found in the
parietal and (pre)frontal lobes, and in sub-lobar structures. In
the parietal lobe, these included the IPL, SPL and SMG. Clusters
in the (pre)frontal lobe included the IFG and right MFG, PCG,
and SFG. Sub-lobar clusters included the insula and claustrum.

Contrast and conjunction meta-analyses
Only one contrast meta-analysis (EB > SC) produced

significant results and revealed that EB recruited a larger
network of brain structures than their SC counterparts. This
network included the precuneus, cuneus, MOG and lingual
gyrus. Conjunction meta-analyses revealed shared clusters
between EB and SC in SPL, IPL, insula, claustrum, MFG
and PCG. Clusters common to EB and LB were located
in the left MFG and PCG. There were no shared clusters
common for LB and SC.

Qualitative review of neural activity in
late blind

There was an insufficient number of studies to conduct
a meta-analysis in LB. We therefore performed a qualitative
analysis of the literature. The results show that LB had similar
activity in parietal and (pre)frontal cortices (Stilla et al., 2008;
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 (%
of cluster volume)

Brodmann areas
(% of cluster
volume)

Cluster center
(MNI x,y,z)

Cluster size
(mm3)

Max ALE
value

Contributing studies

EB

1* Cuneus (42%), Lingual
Gyrus (36%), MOG
(19%), IOG (2%)

18 (52%), 17 (30%), 23
(7%), 30 (4%)

(19, –82,8) 5,992 0.0152 Kupers et al., 2010; Struiksma
et al., 2011; Gagnon et al.,
2012; Halko et al., 2014;

Milne et al., 2015;
Dodsworth, 2019

2* Precuneus (79%), SPL
(12%), Cuneus (9%)

7 (79%), 19 (21%) (18, –70,49) 4,728 0.0158 Kupers et al., 2010; Wolbers
et al., 2011; Gagnon et al.,
2012; Halko et al., 2014;

Fiehler et al., 2015

3* Parahippocampal Gyrus
(55%), Fusiform Gyrus
(45%)

37 (56%), 36 (33%), 20
(6%), 19 (5%)

(38, –43, –11) 2,600 0.0125 Kupers et al., 2010; Gagnon
et al., 2012; He et al., 2013

4 Precuneus (84%), SPL
(15%), Cuneus (2%)

7 (97%), 19 (3%) (18, –68,50) 1,880 0.0158 Kupers et al., 2010; Wolbers
et al., 2011; Gagnon et al.,
2012; Halko et al., 2014;

Fiehler et al., 2015

5 Cuneus (52%), MOG
(45%), Lingual Gyrus
(3%)

17 (55%), 18 (45%) (29, –85,9) 1,600 0.0151 Kupers et al., 2010; Gagnon
et al., 2012; Dodsworth, 2019

6 Lingual Gyrus (93%),
Cuneus (7%)

18 (96%) (1, –78,5) 928 0.0152 Kupers et al., 2010; Struiksma
et al., 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%),
Cuneus (13%)

7 (100%) (8, –71,43) 752 0.012 Kupers et al., 2010; Gagnon
et al., 2012

3 Insula (58%), IFG (21%),
Claustrum (21%)

13 (52%), 47 (12%), 45
(9%)

(35,25, –1) 744 0.0094 Kupers et al., 2010; Struiksma
et al., 2011; Fiehler et al.,
2015; Dodsworth, 2019

EB > SC

NA

SC > EB

NA

EB ∩ SC

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
et al., 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

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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FIGURE 3

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.

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 spatial
information processing via tactile and auditory modalities
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

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,z)

Cluster size
(mm3)

Max ALE or
Z value

Contributing studies

EB

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

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

(25, –62,48) 11,248 0.0319 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
et al., 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

et al., 2016

2 MOG (73%), Cuneus
(27%)

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

(32, –84,9) 3,168 0.0255 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

3 Precuneus (70%),
Cuneus (31%)

7 (82%), 19 (15%), 18
(4%)

(–14, –74,47) 2,448 0.0213 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., 2010;
Gagnon et al., 2012; Wolbers

et al., 2011

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

40 (64%), 7 (36%) (–35, –46,49) 2,400 0.0254 Weeks et al., 2000; Kupers et al.,
2010; Matteau et al., 2010; Renier
et al., 2010; Collignon et al., 2011;
Park et al., 2011; Struiksma et al.,
2011; Anurova et al., 2015; Tao
et al., 2015; Dormal et al., 2016

5 PCG (59%), MFG (40%) 6 (100%) (35, –3,52) 2,304 0.024 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

et al., 2015; Tao et al., 2015;
Dormal et al., 2016

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

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

(7,12,49) 1,536 0.019 Ricciardi et al., 2007; Stilla et al.,
2008; Kupers et al., 2010; Renier

et al., 2010; Collignon et al., 2011;
Park et al., 2011; Struiksma et al.,
2011; Anurova et al., 2015; Tao

et al., 2015

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

6 (97%), 4 (3%) (–26, –6,56) 1,528 0.0227 Stilla et al., 2008; Matteau et al.,
2010; Renier et al., 2010;

Collignon et al., 2011; Anurova
et al., 2015; Tao et al., 2015

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

18 (46%), 17 (44%) (–3, –86,7) 1,480 0.0166 Gougoux et al., 2005; Voss et al.,
2008; Ptito et al., 2009; Kupers

et al., 2010; Collignon et al., 2011;
Struiksma et al., 2011; Voss et al.,

2011; Gagnon et al., 2012;
Anurova et al., 2015

(Continued)
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TABLE 5 (Continued)

# Cluster Brain regions (%
of cluster volume)

Brodmann areas
(% of cluster
volume)

Cluster
center (MNI

x,y,z)

Cluster size
(mm3)

Max ALE or
Z value

Contributing studies

9 Claustrum (59%), Insula
(41%)

13 (41%) (34,20,5) 1,304 0.0242 Gougoux et al., 2005; Voss et al.,
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

et al., 2015

SC

1 Insula (62%), Claustrum
(22%), IFG (15%),
Extra-Nuclear (2%)

13 (60%), 47 (7%), 45
(4%)

(36,23,2) 3,000 0.033 Gougoux et al., 2005; Ptito et al.,
2005; Voss et al., 2008; Ptito et al.,
2009; Bedny et al., 2010; Kupers
et al., 2010; Matteau et al., 2010;

Renier et al., 2010; Struiksma
et al., 2011; Voss et al., 2011;

Anurova et al., 2015; Fiehler et al.,
2015; Dodsworth, 2019

2 IPL (79%), SPL (18%),
SMG (2%)

40 (78%), 7 (22%) (40, –47,47) 2,984 0.0174 Gougoux et al., 2005; Ptito et al.,
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
(29%), extra-nuclear
(3%), IFG (2%)

13 (60%), 47 (5%) (–32,21,3) 2,400 0.0279 Ptito and Kupers, 2005; Gougoux
et al., 2005; Voss et al., 2008;

Matteau et al., 2010; Bedny et al.,
2010; Kupers et al., 2010; Renier

et al., 2010; Voss et al., 2011;
Struiksma et al., 2011; Anurova

et al., 2015; Dodsworth, 2019

4 MFG (55%), PCG (25%),
Sub-Gyral (16%), SFG
(4%)

6 (100%) (32,0,57) 2,392 0.0233 Gougoux et al., 2005; Ricciardi
et al., 2007; Voss et al., 2008; Ptito

et al., 2009; Renier et al., 2010;
Collignon et al., 2011; Park et al.,
2011; Struiksma et al., 2011; Voss

et al., 2011; Dormal et al., 2016

5 IPL (78%), SMG (18%),
SPL (3%), Sub-Gyral
(1%)

40 (98%), 7 (2%) (–37, –47,46) 2,288 0.0232 Weeks et al., 2000; Gougoux et al.,
2005; Voss et al., 2008; Renier
et al., 2010; Kupers et al., 2010;

Park et al., 2011; Struiksma et al.,
2011; Voss et al., 2011; Fiehler
et al., 2015; Dormal et al., 2016

6 IFG (64%), MFG (31%),
PCG (6%),

9 (94%), 6 (6%) (57,17,29) 1,000 0.0148 Ricciardi et al., 2007; Bedny et al.,
2010; Chan et al., 2012; Bonino
et al., 2015; Dormal et al., 2016

EB > SC

1 MOG (83%), Cuneus
(18%)

18 (62%), 19 (21%), 17
(18%)

(33, –84,9) 3,008 3.29 Z Weeks et al., 2000; Stilla et al.,
2008; Ptito et al., 2009; Kupers

et al., 2010; Gagnon et al., 2012;
Anurova et al., 2015; Dodsworth,

2019

2 Cuneus (67%),
Precuneus (33%)

19 (53%), 7 (29%), 18
(12%), 31 (5%)

(21, –82,39) 1,416 3.29 Z Renier et al., 2010; Collignon
et al., 2011; Wolbers et al., 2011;

Dormal et al., 2016

3 Precuneus 7 (20, –66,52) 224 2.65 Z Stilla et al., 2008; Renier et al.,
2010; Gagnon et al., 2012; Halko

et al., 2014

(Continued)
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TABLE 5 (Continued)

# Cluster Brain regions (%
of cluster volume)

Brodmann areas
(% of cluster
volume)

Cluster
center (MNI

x,y,z)

Cluster size
(mm3)

Max ALE or
Z value

Contributing studies

SC > EB

NA

EB ∩ SC

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
et al., 2015; Dormal et al., 2016

2 IPL (85%), SMG (9%),
SPL (6%)

40 (96%), 7 (4%) (–36, –46,48) 1,208 0.021 Weeks et al., 2000; Gougoux et al.,
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
et al., 2011; Anurova et al., 2015;
Fiehler et al., 2015; Dormal et al.,

2016

3 Claustrum (56%), Insula
(44%)

13 (44%) (34,20,4) 1,072 0.0242 Ptito et al., 2009; Bedny et al.,
2010; Kupers et al., 2010; Matteau

et al., 2010; Park et al., 2011;
Renier et al., 2010; Struiksma

et al., 2011; Anurova et al., 2015

4 PCG (52%), MFG (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

MFG, 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.

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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FIGURE 4

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. IOG, 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, IOG,
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 (Fiehler et al., 2009; Zhang et al., 2019).

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;
Müller 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
et al., 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

(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 next cluster included the hippocampus,
parahippocampal gyrus and fusiform gyrus. This cluster
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 Büchel,
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.,
2016; 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.

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

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

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.

FIGURE 6

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). AI, 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 (Müller 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

diabetes, it is important to conduct further research in this
group of patients.
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