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Abstract

Cortical plasticity in congenitally blind individuals leads to cross-modal activation of the visual cortex and may lead to
superior perceptual processing in the intact sensory domains. Although mental imagery is often defined as a quasi-
perceptual experience, it is unknown whether it follows similar cortical reorganization as perception in blind individuals.
In this study, we show that auditory versus tactile perception evokes similar intra-modal discriminative patterns in
congenitally blind compared with sighted participants. These results indicate that cortical plasticity following visual
deprivation does not influence broad intra-modal organization of auditory and tactile perception as measured by our task.
Furthermore, not only the blind, but also the sighted participants showed cross-modal discriminative patterns for
perception modality in the visual cortex. During mental imagery, both groups showed similar decoding accuracies for
imagery modality in the intra-modal primary sensory cortices. However, no cross-modal discriminative information for
imagery modality was found in early visual cortex of blind participants, in contrast to the sighted participants. We did find
evidence of cross-modal activation of higher visual areas in blind participants, including the representation of specific-

imagined auditory features in visual area V4.
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Introduction

From infancy to old age, each and every person is exposed to
sensory inputs from different modalities, is engaged in
thoughts and actions and experiences a wide variety of emo-
tions. In the early stages of life, during development, extensive
cortical remapping takes place in the brain. This developmental
cortical plasticity often occurs during critical periods and is
also experience-based. While increased exposure to certain
sensory experiences during development shapes cortical plas-
ticity, sensory deprivation has equally large effects on the func-
tional architecture of the cortex (Hubel and Wiesel 1970; Hubel
et al. 1976). Early research in blind individuals has shown that

the function of cortical regions is not predefined and that, for
example, the visual cortex can be recruited by other modalities
(Wanet-Defalque et al. 1988). These findings challenge the
notion that the sensory cortices are solely responsive to input
from a single modality and have major consequences for
understanding cross-modal plasticity in sensory systems for
perception as well as in perception-related mental imagery
skills.

In many studies about cortical plasticity in the congenitally
blind, the assumption was that auditory and haptic perception
is unimpaired and that normal or enhanced performance on
perceptual tasks in these modalities might be expected. Why
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would one expect that blind individuals show enhanced perfor-
mance on auditory and tactile tasks? In adult blind individuals,
the cortical organization is not solely formed by developmental
plasticity after visual deprivation, but also through practice-
based learning. In fact, enhanced processing on auditory and
tactile tasks by congenitally blind might be expected due to
modality-specific practice and exposure—they rely on auditory
and tactile perceptual information where sighted people rely
on visual perception. For example, they may learn to explore
the environment using a cane, learn to read Braille and focus
more on auditory and haptic cues to interact with others and
interpret the world around them. Research on cortical plasticity
has shown that these behaviorally important experiences can
cause dynamic remodeling of cortical representations, which
go together with the progression of learning (e.g. Buonomano
and Merzenich 1998). For example, Pascual-Leone and Torres
(1993) showed that Braille readers have an enhanced represen-
tation in somatosensory cortex of their right index finger,
which they used to read with, compared with nonbraille read-
ers. This practice-based remodeling of cortical representations
can take place during sensory-based learning in any sensory
modality (Recanzone et al. 1993; Schneider et al. 2005a; 2005b;
Jancke et al. 2009) and may also take place after mental practice
(Herholz et al. 2008; Tartaglia et al. 2009; Plailly et al. 2012; de
Borst et al. 2016). Representational remodeling could take place
for many auditory and tactile tasks that congenitally blind peo-
ple systematically perform, for example, pitch representations
could be more detailed for tasks that they perform using audi-
tion, such as person identification, compared with sighted peo-
ple that would use visual information. Their functional
specialization might give rise to more detailed neural represen-
tations of relevant features (e.g. spectral properties) both within
the perception and mental imagery domains, which in turn
might lead to better differentiation of individual stimuli and
stimulus classes. For example, earlier work by de Borst et al.
(2016) showed that expertise in a specific modality (visual cine-
matographers vs. auditory sound designers) led to enhanced
decoding of imagery modality in the regions of expertise (e.g.
parietal/occipito-temporal cortex for cinematographers vs.
auditory cortex for sound designers). However, due to the fact
that blind people perform a broad range of tasks differently
from sighted people and have inherently different experiences,
we expect representational remodeling to occur across many
areas of the cortex, unlike professional musicians that are
trained in one specific task and show enhanced representations
only in the relevant area.

In line with the assumptions of practice-based learning, sev-
eral studies have found increased performance of blind partici-
pants on a variety of haptic tasks, including fine-grained tactile
discrimination (Sunanto and Nakata 1998; Van Boven et al. 2000;
Goldreich and Kanics 2003; Postma et al. 2007; Alary et al. 2008,
2009; Norman and Bartholomew 2011; Bauer et al. 2015). However,
other studies have indicated the opposite: that early visual expo-
sure in sighted individuals enhances performance on haptic tasks,
while blind individuals show impaired performance—especially in
tasks that relied on a spatial component (Bailes and Lambert 1986;
Pasqualotto and Newell 2007; Postma et al. 2008; Gori et al. 2010).
Yet, other studies found no evidence for differences in haptic per-
ception performance between blind and sighted participants
(Heller 1989b; Morrongiello et al. 1994; Gentaz and Hatwell 1998;
Grant et al. 2000; Postma et al. 2007; Heller et al. 2008; Alary et al.
2009; Picard et al. 2010; Norman and Bartholomew 2011;
Baumgartner et al. 2015; Bonino et al. 2015). Neuroimaging studies
of haptic perception mainly found overlapping neural recruitment

between congenitally blind and sighted participants, with the
exception of the visual areas, which were more (extensively) acti-
vated in congenitally blind participants (Rosler et al. 1993; Roder
et al. 1997; Ricciardi et al. 2007; Amedi et al. 2010; Bauer et al.
2015).

Similar results were found in the auditory domain, with a
majority of studies showing enhanced auditory processing in
blind individuals (Lessard et al. 1998; Gougoux et al. 2004; Voss
et al. 2004; Focker et al. 2012; Voss and Zatorre 2012; Collignon
et al. 2013; Lewald 2013; Jafari and Malayeri 2014; Kattner and
Ellermeier 2014; Lerens and Renier 2014; Lerens et al. 2014;
Cornell Karnekull et al. 2016; Nilsson and Schenkman 2016;
Kolarik et al. 2017) and some studies reporting impaired perfor-
mance on auditory tasks (Gori et al. 2014; Finocchietti et al.
2015; Menard et al. 2015; Cappagli and Gori 2016; Voss 2016), or
no difference from sighted participants (Collignon et al. 2011,
2013; Voss and Zatorre 2012). These different results may
depend on the specific task requirements (King 2014), or may
reflect a trade-off between different auditory abilities (Voss
et al. 2015). Moreover, neural differences in auditory processing
between blind and sighted participants have been found
(Schepers et al. 2012; Watkins et al. 2013; Jiang et al. 2014; Holig
et al. 2014a; Coullon et al. 2015; Guerreiro et al. 2016; Murphy
et al. 2016), where—similar to haptic processing—the visual
cortex is more strongly involved in blind participants during
auditory perception (Burton et al. 2003; Dietrich et al. 2013;
Lewald and Getzmann 2013; Occelli et al. 2013; Watkins et al.
2013; Striem-Amit and Amedi 2014; Anurova et al. 2015; Lane
et al. 2015; Tao et al. 2015). Enhanced performance of blind peo-
ple on auditory tasks also seems to be related to differences in
underlying anatomical changes, e.g. increased cortical thick-
ness in auditory cortex, compared with sighted people (Voss
and Zatorre 2012).

To summarize so far, it is evident that perceptual experi-
ences, and lack thereof, have shaped the cortical organization
in congenitally blind during periods of developmental and
adult plasticity. The visual areas of blind individuals are
recruited during a variety of tasks, including auditory and hap-
tic perception and these activations seem to largely follow the
general organization of the visual system, such as the division
in a dorsal and ventral stream (Striem-Amit et al. 2012b) and
the representation of categories (van den Hurk et al. 2017).
However, for a phenomenon closely linked to perception, men-
tal imagery, it is unknown how sensory deprivation and com-
pensatory plasticity affect its cortical organization. In sighted
individuals, it has been suggested that the representations that
give rise to the experience of visual imagery are depictive in
nature (e.g. Kosslyn et al. 1983). In support of this hypothesis,
neuroimaging research has shown that visual mental imagery
can reactivate the primary visual cortex in sighted individuals,
which mainly seems to rely on the imagination of fine-grained
details (Kosslyn et al. 1993, 1999; Klein et al. 2000; Ishai et al.
2002; Ganis et al. 2004; de Borst et al. 2012, 2016). In a similar
vein, tactile imagery—the mental imagination of touch—can
reactivate the primary somatosensory cortex (Schmidt et al.
2014; de Borst and de Gelder 2017). For auditory imagery, the
imagination of sounds, it has also been shown that the audi-
tory mental representations contain detailed information about
auditory features, even if mainly the secondary and not the pri-
mary auditory cortex is activated during auditory imagery
(Halpern and Zatorre 1999; Halpern et al. 2004; Bunzeck et al.
2005; Kleber et al. 2007; Daselaar et al. 2010; Zvyagintsev et al.
2013). Overall, this seems to suggest that the nature of mental
imagery strongly depends on the modality in which it takes
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place, for example, tactile imagery is tactile in nature. However,
does the cortical reorganization in congenitally blind follow
similar principles for mental imagery as it does for perception?
In other words, do mental imagery and perception rely on the
same cortical mechanisms? The strong link between imagery
and perception seems to suggest that they follow similar
principles.

Most mental imagery research in congenitally blind has
focused on the question whether visual imagery contributes to
the execution of spatial tasks (a.o. Cornoldi et al. 1991; Aleman
et al. 2001; Vanlierde et al. 2003; Vanlierde and Wanet-Defalque
2004; Noordzij et al. 2007). The neural basis of mental imagery
within the intact auditory and haptic domains has been little
researched in congenitally blind. The few studies that investi-
gated haptic imagery focused on spatio-haptic tasks (Cattaneo
et al. 2007; Bonino et al. 2008; Cornoldi et al. 2009; Occelli et al.
2014), or Braille reading (Heller 1989a; Buchel et al. 1998; Cohen
et al. 2010; Striem-Amit et al. 2012a). Auditory working memory
studies showed superior performance in early blind (Roder
et al. 2001), which may be founded in superior encoding and
consolidation (Stevens and Weaver 2005; Rokem and Ahissar
2009). Auditory imagery and working memory tasks during
auditory perception, where the combined processing of mental
imagery and perception is compared with perception of non-
meaningful sounds, or no sounds, seem to recruit visual cortex
(De Volder et al. 2001; Gaab et al. 2006; Lewis et al. 2011; Park
et al. 2011; Striem-Amit et al. 2012a; Watkins et al. 2012).
However, in these studies it is unclear whether the visual cor-
tex is responsive to meaningful versus nonmeaningful sounds,
or to auditory imagery, as the memory processes were always
measured during auditory perception. Thus, it is still unknown
whether mental representations in the haptic and auditory
domains follow a similar cortical reorganization as perception,
for example, is the visual cortex of congenitally blind indivi-
duals functionally relevant for haptic and auditory imagery and
do the somatosensory and auditory cortices show similar or
enhanced processing during imagery?

In this study we addressed these questions by studying tac-
tile and auditory perception and mental imagery in congeni-
tally blind and sighted participants. Our experimental design
allowed us to study perceptual and mental imagery processes
separately, without contaminating the imagery data with a
simultaneous percept in the same modality. We chose stimuli
that are highly relevant for social communication in blind peo-
ple: recognition of voice identity and emotion. We matched
these auditory stimuli with tactile stimuli that represented the
same 2 categories: recognition of body identity and emotion, so
that we could investigate modality-specific representations
(e.g. auditory vs. tactile perception, Fig. 2), as well as categorical
representations across modalities (Supplementary Material).
We associated the voices and bodies with each other in a train-
ing session (see Fig. 1). In order to also investigate representation
of information on the individual stimulus level (within-category,
Fig. 4), each category had 2 stimulus exemplars (e.g. identity 1 and
identity 2). The tasks required processing on the level of primary
as well as higher sensory cortices, including recognition and imag-
ery of voice identity (Formisano et al. 2008), of voice emotion
through pitch (Hari et al. 1984; Allen et al. 2017), and of body iden-
tity and body emotion through tactile exploration and surface fea-
ture/shape discrimination (Bodegard et al. 2000; Reed 2002; Reed
et al. 2004; Simoes-Franklin et al. 2011). Moreover, the tasks
involved features on which blind individuals generally have better
performance (e.g. pitch perception: Gougoux et al. 2004; Focker
et al. 2012; Voss and Zatorre 2012) (e.g. tactile discrimination:

Sunanto and Nakata 1998; Van Boven et al. 2000; Goldreich and
Kanics 2003; Alary et al. 2009; Norman and Bartholomew 2011;
Bauer et al. 2015). We employed classification analyses to answer
the following questions. Do the primary sensory cortices, includ-
ing the visual cortex, differentiate between auditory and tactile
perception in blind and sighted participants, and if so, do the blind
show enhanced representations in the auditory and somatosen-
sory cortex? We hypothesize, on the basis of existing evidence,
that perception modality can be successfully predicted in all sen-
sory cortices in the blind and sighted groups. As the participants
rely on pitch perception during the auditory perception task and
tactile discrimination during the tactile perception task, we
hypothesize that the blind will have more detailed perceptual
representations due to experience-based functional specialization,
which may lead to higher classification accuracies in the primary
auditory and somatosensory cortices. Secondly, we investigate
whether the primary sensory cortices differentiate between audi-
tory and tactile imagery in blind and sighted participants and if
so, whether the blind show enhanced representations in auditory
and somatosensory cortex. Moreover, we want to test in specific
whether the visual cortex differentiates between auditory and tac-
tile imagery. Again, given the strong link between imagery and
perception, we expect that imagery modality can be successfully
predicted in all sensory cortices in the blind and sighted groups,
and that the blind will show higher classification accuracies in the
primary auditory and somatosensory cortices due to more
detailed mental representations on the basis of their experience in
the auditory and tactile domains. We hypothesize that mental
imagery representations follow perceptual representations and
that imagery modality can be differentiated in early visual cortex.
Our final research question focused on whether primary sensory
cortices, in blind and sighted groups, represent specific imagery
content (e.g. identity 1 vs. identity 2) that goes beyond category
information (e.g. houses vs. faces). In the visual domain, the pri-
mary sensory cortex has been shown to represent specific-
imagined content in sighted people, such as grating orientation
(Harrison and Tong 2009). For the other sensory domains, it is still
largely unknown whether top-down modulations during imagery
can evoke content-specific representations.

Methods

The design of this study is identical to the design described in
de Borst and de Gelder (2017), where we reported the results of
12 sighted participants. The current study focuses on 8 congen-
itally blind participants. In order to compare the results of the
blind participants with the sighted in this paper, we also
reported the results of 8 age- and gender-matched sighted con-
trol participants, which are a subset of the 12 sighted partici-
pants of de Borst and de Gelder (2017). The subset of sighted
participants was chosen on the basis of gender- and age-
matching (e.g. sighted participants with ages closest to those of
the blind participants were selected, with an equal number of
male and female participants).

Participants

Eight congenitally totally blind volunteers of Belgian and
Danish nationality participated in this study (4 males, 4
females, mean age 39.3 years, range 27-48, see Table 1). The
data from the congenitally blind participants were compared
with a group of 8 age- and gender-matched sighted control par-
ticipants (4 males, 4 females, mean age 33.4 years, range 26-52).
The 2 groups were matched on education level: all participants
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Figure 1. Task design. Top: Training phase, in which participants were first familiarized with the stimuli and associated the auditory stimuli with the tactile stimuli
(e.g. ID 1 angry voice with ID 1 angry body). Subsequently, they were tested on how well they could identify the stimuli (separate for auditory and tactile stimuli).
Bottom: fMRI design, in which the auditory perception block is visualized on the left and the tactile perception block is visualized on the right. In half of the trials the
participants perform auditory imagery (top), while in the other half they perform tactile imagery (bottom), equally divided over both types of perception blocks. The

(average) duration of each stimulus is indicated below in seconds.

completed higher education, with exception of one blind partic-
ipant whose highest education level was high school. All parti-
cipants gave their informed consent. Exclusion criteria were
the institute’s MRI safety criteria. The study was approved by
the local ethical committee.

Stimuli

The stimuli consisted of 4 audio files of human voices, 2 audio
files of tones and 4 3D-printed figures. The human voices were
recorded from 2 male speakers, who were each expressing 2
emotions by wailing (fear) or growling (anger) without speech
for 4.5s. Additionally, Two 0.5s tones of 400Hz and 1200 Hz
were used as cues. The 11-cm 3D figures were printed in-house
using white thermoplastic material that was sanded afterwards
to create a smooth surface. The 3D-printed figures consisted of

2 male identities expressing the same emotions as the auditory
stimuli. The fearful emotion was expressed by the figure with
open hands held in front of him, arching backwards, while the
angry emotion was expressed with a forward bend and with
fists clenched in front of him (Fig. 1). The identities were distin-
guishable by body shape, as one male was skinnier (ID 1), while
the other one was plumper (ID 2), and their clothing was
different.

Task

Before the start of the fMRI session, the participants were
trained on associating the 4 different 3D-printed figures with
the 4 different voices (Fig. 1 top and Supplementary Material).
The seeing participants were blindfolded throughout the
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Table 1 Clinical and demographic details of congenitally blind participants.

Participant Sex Age Handedness Cause Onset Residual vision Education

1 M 44 Right LON At birth Minimal light sensitivity Higher education
2 M 44 Right ROP At birth None High school

3 F 46 Right ROP At birth Minimal light sensitivity Higher education
4 F 32 Right ROP At birth None Higher education
5 F 39 Right ROP At birth None Higher education
6 F 34 Right Unknown At birth None Higher education
7 M 27 Right ROP At birth Minimal light sensitivity Higher education
8 M 48 Right LON At birth Minimal light sensitivity Higher education

LON, Leber’s optic neuropathy; ROP, retinopathy of prematurity; M, male; F, female.

training. At the end of the training, all participants confirmed
they could identify and imagine all individual stimuli correctly.

During fMRI measurements all participants were blind-
folded, while keeping their eyes open. The participants were
instructed to attend to the perceptual stimulus and keep it in
mind. They were told that after a delay, they would hear either
a low tone or a high tone. When hearing a low tone, they were
instructed to imagine the audio of the stimulus that they just
heard (after auditory perception) or imagine the audio that cor-
responded to the figure they just felt (after tactile perception).
When hearing a high tone, they were instructed to imagine the
figure that they just felt (after tactile perception), or imagine
the figure that corresponded to the audio they just heard (after
auditory perception). The slow-event related experiment was
divided into 3 functional runs. In each run, the perception con-
ditions were presented in a block (Fig. 1 bottom, auditory per-
ception trials, and tactile perception trials). Within a block,
trials consisted of the same perception condition followed by
tactile or auditory imagery conditions. In the auditory percep-
tion block (Fig. 1 bottom left), each trial consisted of an affective
voice (4.5s), fixation (11.25s average), start cue (0.5s), imagery
(4.5s), end cue (0.5s), and fixation (11.25s average) (Fig. 1). The
auditory stimulus indicated which identity and emotion the
subject had to imagine. The start cue indicated the modality in
which the subject had to imagine (low 400 Hz tone: auditory
imagery, high 1200 Hz tone: tactile imagery). The tactile blocks
(Fig. 1 bottom right) were identical to the auditory blocks,
except for the first stimulus in each trial, which was tactile per-
ception of the 3D figure. The 3D figures were manually pre-
sented to the participants’ right hand by the experimenter,
after which the participant could explore the figure with both
hands. After 4.5s, the figure was removed. Thus, independent
of the perceptual modality, participants always performed
trials of auditory (50%) and tactile imagery (50%) in each block.
The participants always imagined the emotion and the identity
of the stimulus simultaneously.

Design

The experiment contained 16 different experimental condi-
tions: Auditory Perception of Fearful ID 1 (APF1), Auditory
Perception of Fearful ID 2 (APF2), Auditory Perception of Angry
ID 1 (APA1), Auditory Perception of Angry ID 2 (APA2), Auditory
imagery of Fearful ID 1 (AIF1), Auditory Imagery of Fearful ID 2
(AIF2), Auditory Imagery of Angry ID 1 (AIA1), Auditory Imagery
of Angry ID 2 (AIA2), Tactile Perception of Fearful ID 1 (TPF1),
Tactile Perception of Fearful ID 2 (TPF2), Tactile Perception of
Angry ID 1 (TPA1), Tactile Perception of Angry ID 2 (TPA2),
Tactile Imagery of Fearful ID 1 (TIF1), Tactile Imagery of Fearful

ID 2 (TIF2), Tactile Imagery of Angry ID 1 (TIA1), and Tactile
Imagery of Angry ID 2 (TIA2). In the multivariate pattern analy-
sis (MVPA) on imagery modality (auditory vs. tactile imagery),
certain conditions were collapsed to create overarching condi-
tions (i.e. their trials were analysed together). The condition
Auditory Perception was created by collapsing conditions APF1,
APF2, APA1, and APA2. Similarly, the conditions Auditory
Imagery (AIF1, AIF2, AIA1, AIA2 collapsed), Tactile Perception
(TPF1, TPF2, TPA1, TPA1 collapsed), and Tactile Imagery (TIF1,
TIF2, TIA1, TIA2 collapsed) were created. In the other MVPA on
imagery content (emotion and identity), the regular 16 condi-
tions were used for analyses.

Each of the 3 functional runs contained 2 blocks. Each block
consisted of 16 trials, making a total of 96 trials for the whole
experiment. Each of the 16 conditions was presented 4 times
per run (2 conditions per trial). The length of the fixation peri-
ods were 9s, 10.5s, 125, or 13.5s. The lengths of the 2 fixation
periods in each trial always added up to 22.5s in order to keep
the overall trial length identical. Therefore, fixation length was
always assigned in pairs (9s and 13.5s, 13.5s and 95, 10.5s and
125, and 12 s and 10.5 s). The order of the trials, stimuli and the
length of the fixation periods were pseudorandomized for each
participant, so that every fixation length pair occurred an equal
amount of times with every perceptual stimulus.

Data Acquisition

A 3T Siemens MR scanner (MAGNETOM Prisma, Siemens
Medical Systems, Erlangen, Germany) was used for imaging.
Functional scans were acquired with a multiband Gradient
Echo Echo-Planar Imaging sequence with a Repetition Time
(TR) of 1500 ms and an Echo Time (TE) of 30 ms. For each func-
tional run, 687 volumes were acquired comprising 57 slices
(FoV = 200 x 200, matrix = 100 x 100, 2-mm isotropic voxels,
inter slice time = 26 ms, flip angle = 77°, multiband acceleration
factor = 3). Between the 2 functional runs, high-resolution T1-
weighted structural images of the whole-brain were acquired
with an MPRAGE with a TR of 2250 ms and a TE of 2.21, com-
prised of 192 slices (FoV = 256 x 256, matrix = 256 x 256, 1-mm
isotropic voxels, flip angle = 9°).

Data Analyses

Functional MRI Preprocessing

The fMRI data were analyzed using fMRI analysis and visualiza-
tion software BrainVoyager QX version 2.8.4 (Brain Innovation
B.V., Maastricht, the Netherlands) and Matlab version R2013b,
8.2.0.701 (The Mathworks Inc., Natick, Massachusetts, USA).
Functional data were 3D motion corrected (sinc interpolation),
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corrected for slice scan time differences and temporally filtered
(high pass, GLM-Fourier, 2 sines/cosines). The data was not spa-
tially smoothed to preserve all information for the multivariate
analyses. The anatomical data were corrected for intensity
inhomogeneity (Goebel et al. 2006) and transformed into
Talairach space (Talairach and Tournoux 1988). The functional
data were then aligned with the anatomical data and trans-
formed into the same space, to create 4D volume time-courses
(VTCs). The anatomical data were used for surface reconstruc-
tion (Goebel et al. 2006). For the group of blind participants, a
cortex-based alignment procedure was carried out to match the
subjects’ cortices using curvature information (Goebel et al.
2002, 2004; Frost and Goebel 2012). However, the group-aligned
averaged surface reconstruction of the blind participants was
used for display purposes only in the group comparison of the
classification of perception modality. The multivariate analyses
were all performed in the volume space, not on the surface.

Region of Interest Definition

For the region of interest (ROI)-based classification analyses, we
extracted probabilistic cyto-architectonic maps from the SPM
Anatomy Toolbox (Version 2.1, Forschungszentrum Jiilich
GmbH,; Eickhoff et al. 2005). We extracted all available subre-
gions of primary auditory cortex (Tel.0, Tel.1, Tel.2) (Morosan
et al. 2001), primary somatosensory cortex (Area 1, 2, 3a, 3b)
(Geyer et al. 2000; Grefkes et al. 2001), primary motor cortex
(Area 4a, 4p) (Geyer et al. 1996), and visual regions up to V5/MT
(V1, V2, V3, V4, V5) (Amunts et al. 2000; Wilms et al. 2005;
Malikovic et al. 2007). For details, see Supplementary Material
and de Borst & de Gelder (2017). These anatomical ROIs were
used as an input for the MVPA (see Multivariate Analyses).

Multivariate Analyses

For the prediction of perception modality (auditory vs. tactile
perception), imagery modality (auditory vs. tactile imagery),
and imagery content (imagery of ID 1 vs. ID 2 and imagery of
fear vs. anger), we employed 2 types of MVPA. First, we per-
formed the MVPA using a whole-brain search light mapping
(WB-SLM) approach and subsequently we performed the analy-
ses in anatomically defined ROIs using support vector machine
(SVM) classification (ROI-SVM). The multivariate analyses were
performed for each subject individually. The resulting predic-
tion accuracies and voxel maps were subsequently used for cal-
culating group results.

For the single trial estimation of the MVPA mean values
were extracted in the perception intervals (2-8 volumes from
onset) and the imagery intervals (2-8 volumes from onset) rela-
tive to baseline (-1 till Os before onset, % signal change)
(Brainvoyager QX 2.8 MVPA Toolbox). For the WB-SLM analyses,
a whole-brain mask of the group (from averaged VTC overall 8
subjects) was used to extract voxels. In cases where the 2
groups were compared, the set of voxels that was common to
the 2 whole-brain masks was used for analyses. On the esti-
mated trials, a SLM approach was applied to find the local
patterns with the most discriminative voxels for the 2 classes
(In-house Matlab scripts; Kriegeskorte et al. 2006). A leave-one-
run-out strategy was then used for training and testing of the
data using SVM classification. For the WB-SLM, a searchlight of
33 voxels with a radius of 3 (including the center) was used.
The resulting search light maps were averaged over runs in
each individual. We tested whether the average accuracy of a
searchlight across subjects was significantly higher than

chance. In order to determine the significance level, we con-
sidered the accuracies obtained in all the subjects and, using a
resampling approach, computed the probability of obtaining
the observation under the null hypothesis that the mean popu-
lation accuracy is 50% (balanced two-class classification).
Under the null hypothesis, the likelihood of the observations is
symmetric around chance (if a subject is at chance level, 40%
and 60% accuracies are equally likely), and it is therefore possi-
ble to build an empirical estimate of the null distribution by
performing all the possible switches of the observed accuracies
around chance (Good 2005; section 3.2.1). With N = 8 subjects,
the total number of permutations was 278 (256) and it was
therefore feasible to employ an exact permutation test. First,
we subtracted the chance level accuracy (50%) from all
observed accuracies (subjects * searchlights) to center them on
zero. Then, we performed all possible switches of the observed
accuracies around zero (278 = 256 permutations) and calculated
an average accuracy across participants in each searchlight for
every switch. These average accuracies were entered into the
null distribution. We excluded the switches where none of the
participants’ accuracies were flipped and were all were flipped.
The null distribution ultimately had 254 (number of permuta-
tions-2) * 169 806 (number of searchlights) values. The observed
accuracies (with chance level subtracted) were tested against
this null distribution. The correction for multiple comparisons
was done using cluster threshold estimation based on the per-
mutations: we set an initial uncorrected threshold of « = 0.01
and, for each permutation, we tagged as significant those
searchlights whose accuracy across subjects was larger than
the (1 — a) quantile. For each permutation, we estimated the
extent of the largest cluster of significant searchlights, and built
a distribution of cluster sizes. Clusters of significant search-
lights in the observed data larger than the 95% quantile of such
distribution were considered significant, with P < 0.05.

For the between-group analyses, we restricted our focus to
those searchlights that showed a significant difference from
chance in at least one of the 2 groups, and we conducted a non-
parametric one-way ANOVA (again via second level permuta-
tion tests) with group as a factor to highlight searchlights that
showed a significant difference between the groups. For each
permutation, we randomly reassigned the subjects across the 2
groups and computed an F-statistics. The empirical null distri-
bution of F-statistics was then compared with the observed
F-statistics in order to compute significance level. The possible
number of permutations (i.e. group reassignments) was of sev-
eral orders of magnitude larger than in the previous case, and
we therefore employed random Monte Carlo permutations with
N = 1000. We corrected for multiple comparisons using False
Discovery Rate (FDR) correction with P < 0.05 (Benjamini and
Hochberg 1995). The significant searchlights of the within-
group analyses of perception-trained classification of percep-
tion modality in the blind and sighted participants are shown
in Fig. 2A. We found no significant between-group searchlights.
The WB-SLM within-group analyses of imagery-trained classifi-
cation of imagery modality and imagery content did not yield
significant results in the blind group and therefore no WB-SLM
between-group analyses were performed for imagery modality
and imagery content. The WB-SLM within-group results of
imagery modality classification were significant in the sighted
and are shown in Supplementary Fig. S2.

For the ROI-SVM classification, the same single trial estima-
tions of the MVPA mean values in the perception and imagery
intervals were used as during the WB-SLM analyses. The voxels
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were extracted within each ROI (see section “Region of Interest
Definition”). On the estimated trials, a ROI-based approach was
applied to discriminate response patterns within specific brain
regions. A leave-one-run-out strategy was used for training and
testing of the data using SVM classification. A single classifica-
tion accuracy was obtained for each region per subject and run.
These accuracies were then averaged over runs. We tested
whether the average accuracy of a region across subjects was
significantly higher than chance. Using the above-described
methods (but using “subjects by regions” instead of “subjects
by voxels”), we tested the accuracies against an empirical null
distribution and corrected for multiple comparisons using FDR
correction with P < 0.05. The results of the ROI-SVM analyses of
perception modality (average accuracies and standard error) in
the blind group are shown in Fig. 2B and in the sighted group in
Fig. 2C. The results of the ROI-SVM analyses of imagery modal-
ity (average accuracies and standard error) in the blind group
are shown in Fig. 3A and in the sighted group in Fig. 3B. The results
of the ROI-SVM analyses of imagery content in the blind group are
shown in Fig. 4A, and in the sighted group in Figs 4B-D.

For the between-group analyses, we again conducted a non-
parametric one-way ANOVA (via second level permutation
tests) with group as a factor to highlight regions that showed a
significant difference between the groups. For each permuta-
tion, we randomly reassigned the subjects across the 2 groups
and computed an F-statistics. The empirical null distribution of
F-statistics was then compared with the observed F-statistics in
order to compute the significance level. We employed random
Monte Carlo permutations with N = 1000 and corrected for mul-
tiple comparisons using FDR correction with P < 0.05.

Results

Classification of Perception Modality in Blind and
Sighted

First, we tested whether we could successfully discriminate
tactile and auditory perception from local patterns in the brain,
using a searchlight mapping approach, and from the primary
sensory cortices, using a ROI-SVM approach. These analyses
were performed to assess whether the absence of visual experi-
ence has an influence on the neural representations in the
intact perception modalities.

Whole-Brain Searchlight Mapping Analysis

We performed classification of auditory versus tactile perception
using a perception-trained classifier and a leave-one-run-out
cross-validation approach. We found that we could successfully
discriminate the auditory and tactile modalities during the per-
ception period across most of the cortex in both the blind
(Fig. 2A, yellow, mean decoding accuracy = 66%, Pcorr < 0.05)
and the sighted participants (Fig. 2A, red, mean decoding accu-
racy = 69%, Pcorr < 0.05). In the blind participants searchlights
that contained perception modality information covered most of
the parietal, visual, temporal, and right frontal cortex. In the left
frontal cortex, perception modality information pertained to the
medial anterior portion. In the sighted participants searchlights
that contained perception modality information covered most of
the parietal, visual, and right temporal cortex. The left superior
temporal sulcus (STS) contained little perception modality infor-
mation on the group level in the sighted participants. In the
frontal cortex, the perception modality information mainly per-
tained to the posterior portions (premotor cortex). Subsequently,
we tested whether the classification accuracies for perception

modality across the brain were different for blind versus sighted
participants. There were no voxels that showed significant dif-
ferences between groups for the classification of perception
modality (FDR > 0.05). This means that although certain regions,
such as the right prefrontal cortex, had decoding accuracies that
were significantly above chance in one group (e.g. 57%), but not
in the other (e.g. 53%), the decoding accuracies in these regions
were not significantly different between groups (e.g. 57% was
not significantly larger than 53%). Our findings are largely in line
with earlier research that showed similar patterns of brain activ-
ity in blind and sighted participants during tactile perception
(Rosler et al. 1993; Roder et al. 1997; Ricciardi et al. 2007; Amedi
et al. 2010; Bauer et al. 2015), but contrast to the neural differ-
ences found between blind and sighted participants during audi-
tory perception (Schepers et al. 2012; Watkins et al. 2013; Jiang
et al. 2014; Holig et al. 2014a; Coullon et al. 2015; Guerreiro et al.
2016; Murphy et al. 2016). The WB-SLM results for perception
modality were found in the absence of any univariate effects in
the 2 groups, but we did find univariate differences between per-
ception modalities in several ROIs (see Supplementary Fig. S3).

ROI-SVM Classification

Subsequently, we tested whether the primary sensory cortices
of blind and sighted participants differentiate between auditory
and tactile perception by performing ROI-SVM classification
analyses on the basis of anatomical probability maps (see
Fig. 2B,C and Methods). We were able to predict perception
modality in all primary sensory cortices, including primary
visual cortex, in both the blind and sighted groups. Overall,
classification accuracies in the blind participants were lower
than in the sighted, although not statistically different from the
sighted participants (with exception of primary motor area 4p).
Recent research by van der Hurk et al. (2017) showed that dou-
ble the amount of trials may be needed in blind participants to
obtain classification accuracies that are similar to sighted parti-
cipants. However, Fig. 2B,C shows that the relative proportions
of accuracies between regions were remarkably similar between
the blind and sighted. In the auditory cortex of blind and sighted
participants, we were able to successfully decode perception
modality in areas Tel.0 (blind: accuracy 88%, P[FDR] < 0.01;
sighted: accuracy 97%, P[FDR] < 0.005), Tel.l (blind: accuracy
80%, P[FDR| < 0.01; sighted: accuracy 93%, P[FDR] < 0.005), and
Tel.2 (blind: accuracy 88%, P[FDR| < 0.01; sighted: accuracy 96%,
P[FDR] < 0.005). In the primary somatosensory cortex of blind
and sighted participants, we were able to successfully decode
perception modality in area 1 (blind: accuracy 72%, P[FDR] < 0.01;
sighted: accuracy 90%, P[FDR] < 0.005), area 2 (blind: accuracy
80%, P[FDR] < 0.01; sighted: accuracy 94%, P[FDR] < 0.005), area
3a (blind: accuracy 88%, P[FDR] < 0.01; sighted: accuracy 95%,
P[FDR] < 0.005), and area 3b (blind: accuracy 79%, P[FDR] <
0.01; sighted: accuracy 93%, P[FDR] < 0.005). Also in primary
motor cortex we could decode perception modality in all
regions of both groups: area 4a (blind: accuracy 80%, P[FDR] <
0.01; sighted: accuracy 92%, P[FDR] < 0.005) and area 4p (blind:
accuracy 85%, P[FDR] < 0.01; sighted: accuracy 95%, P[FDR] <
0.005). Next to the primary sensory cortices that were used
during auditory and tactile perception, we could also success-
fully decode perception modality in the visual cortex, both in
the blind and sighted participants. Although classification
accuracies were lower than in the other primary sensory cor-
tices, classification was successful in all visual areas, includ-
ing V1 (blind: accuracy 62%, P[FDR] < 0.05; sighted: accuracy
69%, P[FDR] < 0.005), V2 (blind: accuracy 59%, P[FDR] < 0.05;
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Figure 2. Classification of auditory versus tactile perception. (A) Searchlights that contain significant information about perception modality on the group level (P[cor-
rected] < 0.05) are color-coded in yellow for the group of blind participants and in red for the sighted participants. Orange indicates overlapping searchlights that
were significant in both groups. The results are displayed on the group-aligned inflated average surface of the blind participants. (B) The classification accuracies and
standard errors of anatomical regions that contain significant information (P[corrected] < 0.05) about perception modality on the group level in blind participants are
shown. (C) The classification accuracies and standard errors of anatomical regions that contain significant information (P[corrected] < 0.05) about perception modality

on the group level in sighted participants are shown.

sighted: accuracy 66%, P[FDR] < 0.005), V3 (blind: accuracy 63%,
P[FDR] < 0.01; sighted: accuracy 67%, P[FDR] < 0.005), V4 (blind:
accuracy 66%, P[FDR] < 0.01; sighted: accuracy 67%, P[FDR| <
0.005) and V5/MT+ (blind: accuracy 75%, P[FDR] < 0.01; sighted:
accuracy 74%, P[FDR] < 0.005).

We verified that we were decoding perception modality and
not the low-level differences between 2 arbitrary sets of stimuli,
by showing that decoding was not successful when using 2
arbitrary categories (see Supplementary Material, “Verification
analyses for perception modality results”) and by showing that
decoding was successful when using different stimulus sets for
training and testing (Supplementary Fig. S1). We also found
univariate differences between perception conditions in pri-
mary auditory, somatosensory and motor cortices in both
groups using ROI-GLM analyses (Supplementary Fig. S2).

A significant group difference in classification accuracies for
the prediction of perception modality was found in primary
motor cortex area 4p (P[FDR] = 0.01), with higher accuracies for
the sighted than the blind participants. Trends were found in
primary auditory cortex areas Tel.0 and Tel.l (P[FDR] < 0.1),
primary somatosensory cortex areas 1, 2, and 3b (P[FDR] < 0.1)
and primary motor cortex area 4a (P[FDR] < 0.1).

Classification of Imagery Modality in Blind and Sighted

Next, we investigated whether mental imagery in blind partici-
pants recruited the 2 intact perceptual modalities, auditory and
tactile, in a similar manner as in sighted participants, or
whether a lack of visual experience had an influence on the
neural basis of their mental imagery. The blind participants did
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Figure 3. Classification of auditory versus tactile imagery. (A) Classification accuracies and standard errors of anatomical regions that contain significant information
(P[corrected] < 0.05) about imagery modality on the group level in blind participants are shown. (B) Classification accuracies and standard errors of anatomical regions
that contain significant information (P[corrected] < 0.05) about imagery modality on the group level in sighted participants are shown.

not show any significant group results for the searchlight clas-
sification analysis of imagery modality. Therefore, we only present
the ROI-SVM classification results here (Fig. 3). In the sighted
participants, we could successfully decode imagery modality
using searchlight analyses (see Supplementary Material [N = §]
and de Borst and de Gelder (2017) [N = 12]). No whole-brain uni-
variate differences between imagery conditions were found in
the 2 groups, but we did find univariate ROI-based differences
in several areas of the primary auditory and somatosensory
cortices (see Supplementary Fig. S54).

ROI-SVM Classification

In the auditory cortex of blind and sighted participants (Fig. 3),
we were able to successfully decode imagery modality in areas
Te1.0 (blind: accuracy 63%, P[FDR]| < 0.05; sighted: accuracy 61%,
P[FDR] < 0.05), Tel.1 (blind: accuracy 57%, P[FDR] < 0.05; sighted:
accuracy 57%, P[FDR] < 0.05), and Tel.2 (blind: accuracy 63%,
P[FDR] < 0.05; sighted: accuracy 64%, P[FDR] < 0.05). In the pri-
mary somatosensory cortex of blind and sighted participants,
we were able to successfully decode imagery modality in area 2
(blind: accuracy 60%, P[FDR] < 0.05; sighted: accuracy 67%, P[FDR] <
0.01), area 3a (blind: accuracy 59%, P[FDR] < 0.01; sighted: accuracy
66%, P[FDR] < 0.05). In the sighted group, we were additionally
able to decode imagery modality in primary somatosensory area 1
(accuracy 68%, P[FDR] < 0.01) and area 3b (accuracy 68%, P[FDR] <
0.01), but in the blind participants decoding accuracies were not
significantly above chance (area 1: accuracy 56%, P[FDR] =
0.0549; area 3b: accuracy 55%, P[FDR] = 0.0732). In primary motor
cortex, we could decode perception modality in all regions in
the blind and sighted participants: area 4a (blind: accuracy 56%,
P[FDR] < 0.05; sighted: accuracy 63%, P[FDR] < 0.01) and area

4p (blind: accuracy 57%, P[FDR] < 0.05; sighted: accuracy 66%,
P[FDR] < 0.01).

Next to the primary sensory cortices that were used during
auditory and tactile perception, we could also successfully
decode imagery modality in the visual cortex, for some of the
regions in the blind and for all of the regions in the sighted par-
ticipants. Classification was successful in both blind and
sighted participants in V3 (blind: accuracy 54%, P[FDR] < 0.05;
sighted: accuracy 56%, P[FDR] < 0.05), V4 (blind: accuracy 55%,
P[FDR] < 0.05; sighted: accuracy 55%, P[FDR] < 0.05) and V5/MT+
(blind: accuracy 58%, P[FDR] < 0.05; sighted: accuracy 60%, P[FDR] <
0.01). Additionally, in sighted participants imagery modality could
be decoded from V1 (accuracy 56%, P[FDR] < 0.01) and V2 (accuracy
55%, P[FDR] < 0.05), while in blind participants decoding accuracies
were not significantly above chance (V1: accuracy 51%, P[FDR] =
0.2745; V2: accuracy 52%, P[FDR] < 0.2618).

We tested for significant group differences in classification
accuracies for the prediction of imagery modality and found no
significant differences between groups. A trend was found in
the primary somatosensory cortex area 1 (P[FDR] < 0.1).

Classification of Imagery Content in Blind and Sighted

Lastly, we addressed our final research question by testing
whether we could successfully discriminate imagery content,
for example, 2 imagined stimulus emotions or 2 imagined stim-
ulus identities, from local patterns in the brain in the blind and
sighted groups. The blind and sighted participants did not
show any significant group results for the searchlight classifica-
tion analysis of imagery content. Therefore, we only present
the ROI-SVM classification results here (Fig. 4).
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Figure 4. Classification of imagery content. (A) Classification accuracies and standard errors of anatomical regions that contain significant information (P[corrected] <
0.05) about auditory imagery of angry ID 1 versus ID 2 on the group level in blind participants are shown. (B) Classification accuracies and standard errors of anatomi-
cal regions that contain significant information (P[corrected] < 0.05) about auditory imagery of fearful ID 1 versus ID 2 on the group level in sighted participants are
shown. (C) Classification accuracies and standard errors of anatomical regions that contain significant information (P[corrected] < 0.05) about auditory imagery of
fearful versus angry ID 1 on the group level in sighted participants are shown. (D) Classification accuracies and standard errors of anatomical regions that contain sig-
nificant information (P[corrected] < 0.05) about auditory imagery of fearful versus angry ID 2 on the group level in sighted participants are shown.

ROI-SVM Classification angry identity 1 versus identity 2 could be predicted from the
In blind participants, we were able to successfully decode audi- primary motor cortex (4a: accuracy 59%, P[FDR] < 0.05) and V4
tory imagery content (Fig. 4A). Specifically, auditory imagery of (accuracy 59%, P[FDR] < 0.05). The other auditory imagery
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content (fearful ID 1 vs. ID 2, ID 1 fear vs. anger, ID 2 fear vs.
anger) and the tactile imagery content could not be decoded
from the primary sensory cortices of the blind participants.

In sighted participants, we were able to successfully decode
auditory imagery content as well. Auditory imagery of fearful
identity 1 versus identity 2 (Fig. 4B) could be predicted from pri-
mary somatosensory cortex (3b: accuracy 63%, P[FDR] < 0.05)
and primary motor cortex (4a: accuracy 58%, P[FDR] < 0.05; 4p:
accuracy 60%, P[FDR] < 0.05). Next to imagined identity, we
could also predict imagined emotion from the brain activity of
sighted participants. Auditory imagery of angry versus fearful
identity 1 (Fig. 4C) could be decoded from primary somatosen-
sory cortex (3a: accuracy 61%, P[FDR] < 0.05; 3b: accuracy 58%, P
[FDR] < 0.05) and primary motor cortex (4a: accuracy 58%, P
[FDR] < 0.05; 4p: accuracy 64%, P[FDR] < 0.05). Auditory imagery
of angry versus fearful identity 2 (Fig. 4D) could be decoded
from primary somatosensory cortex (1: accuracy 62%, P[FDR] <
0.05; 3a: accuracy 60%, P[FDR] < 0.05; 3b: accuracy 62%, P[FDR] <
0.05). The auditory imagery of angry identity 1 versus identity 2
and all tactile imagery content could not be decoded success-
fully from the primary sensory cortices of the sighted
participants.

Discussion

Our first goal was to find support for the hypothesis that pri-
mary sensory cortices, including primary visual cortex, differ-
entiate between auditory and tactile perception in congenitally
blind participants and that the underlying representations are
more detailed (i.e. higher classification accuracies) than in the
sighted group. Secondly, we examined the hypothesis that
mental representations in congenitally blind follow perceptual
representations such that imagery modality can be differenti-
ated in primary sensory cortices, including early visual cortex,
possibly with higher accuracies than in the sighted group.
Finally, we tested whether primary sensory cortices in congeni-
tally blind participants represent specific imagery content.

Representations of Perception Modality

We first investigated whether the primary sensory cortices dif-
ferentiate between auditory and tactile perception in blind and
sighted participants. Our results showed that the classification
of auditory versus tactile perception was successful in all pri-
mary sensory cortices in both the blind and the sighted groups
on the whole-brain level, as well as in the ROI analyses.
Moreover, the whole-brain analyses indicated that the regions
that contained information about perception modality far
exceeded the primary sensory cortices. The perception modal-
ity representations extended from the primary sensory cortices
to the association cortices, including the dorsal and ventral
pathways, premotor cortex, supramarginal gyrus, and espe-
cially for the blind, the prefrontal cortex.

Congenitally-blind individuals may have additional exper-
tise in the auditory and tactile domains and previous literature
reported enhanced and more efficient haptic and auditory pro-
cessing in the blind (see Introduction). Therefore, we expected
that blind individuals would have more detailed perceptual
representations of the auditory and tactile content, leading to
more differentiated activation patterns and higher classifica-
tion accuracies in the auditory and somatosensory cortex. Our
results show the opposite effect. On the whole-brain level, we
found that the perception modality information patterns were
very similar for blind and sighted participants. We found no

significant differences between the 2 groups, although in sev-
eral regions one of the 2 groups showed decoding accuracies
above chance, while the other did not (e.g. right prefrontal cor-
tex in blind group). The ROI-SVM analyses showed that classifi-
cation accuracies were significantly lower for the blind group in
primary motor cortex area 4p, and the accuracies for primary
auditory cortex areas Tel.0 and Tel.l, primary somatosensory
cortex areas 1, 2, and 3b and primary motor cortex area 4a were
around 10% lower for the blind than the sighted participants.
This indicates that perception modality was not better differen-
tiated in primary sensory cortices in the blind than the sighted.
Even the relative proportions of accuracies between subregions
of the primary sensory cortices were very similar between the
sighted and blind, for example, both showed higher accuracies
for primary motor area 4p than 4a, both showed higher accura-
cies for primary auditory cortex Tel.0 and Tel.2 compared with
Tel.1. Although these findings contrast behavioral studies, they
are in line with recent multivariate neuroimaging research in
early blind. Jiang et al. (2014) showed that auditory motion in
blind participants could be successfully decoded from MT+, but
not from auditory cortex. Van den Hurk et al. (2017) showed
that decoding accuracies for the classification of auditory object
categories were lower for blind compared with sighted partici-
pants in auditory cortex. Overall, they also showed that for
blind participants double the amount of trials were necessary
to obtain classification accuracies that were similar to the
sighted participants. Our results indicate that perceptual selec-
tivity in the primary sensory cortices develops similarly with or
without visual experience. These results are further confirmed
by additional analyses, which indicate that the perception
modality results are generalizable across different stimuli in
both groups (Supplementary Fig. S1). Although representations
of perception modality were comparable in the primary sensory
cortices of the blind and sighted participants, the results of the
whole-brain perception modality classification hint at possible
differential processing in other parts of the blind cortex.
Although not statistically different between groups, perception
modality classification was significantly above chance in a large
section of the right prefrontal cortex of the blind participants.
This may indicate that blind participants use cognitive or
attentional resources differently in the 2 perception conditions.

The ROI-SVM results further showed that perception modal-
ity could be decoded from cross-modal activity in the primary
visual cortex and V2-V5 in both the blind and sighted groups,
consistent with our hypothesis that the visual cortex would be
recruited during auditory and tactile perception by the blind
participants. Earlier research has shown that functional reorga-
nization of the visual cortex after visual deprivation makes it
responsive to a large variety of haptic and auditory tasks
(Rosler et al. 1993; Roder et al. 1997; Burton et al. 2003; Ricciardi
et al. 2007; Amedi et al. 2010; Dietrich et al. 2013; Lewald and
Getzmann 2013; Occelli et al. 2013; Watkins et al. 2013; Striem-
Amit and Amedi 2014; Anurova et al. 2015; Bauer et al. 2015;
Lane et al. 2015; Tao et al. 2015). Interestingly, in line with those
findings, our results also indicate that auditory and tactile
modalities can be differentiated in early and extrastriate visual
cortex, showing that they do not activate visual cortex in a sim-
ilar manner. Additionally, we found that the sighted partici-
pants also showed differentiated cross-modal activation for
auditory versus tactile perception in the visual cortex. Indeed,
there is evidence of responsivity of the sensory cortices to other
modalities in people with no deficits in sensory perception and
not only in individuals where sensory deprivation has led to
functional reorganization (Sathian and Lacey 2007; Liang et al.
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2013). For example, visual areas respond to specific auditory sti-
muli, including natural sounds in early visual cortex (Vetter
et al. 2014), large nonmovable object sounds in parahippocam-
pal place area (He et al. 2013), voices in fusiform gyrus (Holig
et al. 2014b), and auditory motion (as well as haptic motion) in
MT+ (Ricciardi et al. 2007; Strnad et al. 2013). All in all there are
many examples of cross-modal activations in regions that are
typically associated with intra-modal responses. It remains
unclear whether these activations occur due to mental imagery
processes during perception or due to feedback connections
from the other sensory cortices. In our study, the perceptual
representations in the blind participants are not based on
visual imagery and are more likely a result of functional reorga-
nization and/or feedback connections. As we found no differ-
ences between groups, it is difficult to say whether in the
sighted group successful discrimination of perception modali-
ties relied on feedback connections, or visual imagery. It may
have been the case that visual imagery played a bigger role dur-
ing tactile than auditory perception in the sighted individuals
in our task (e.g. visualizing the figure during touch), because
visual imagery could support the integration of the different
(body) parts of the figure that are felt sequentially while moving
the figure around in the hand.

Representations of Imagery Modality

Concerning our second research question—do primary sensory
cortices differentiate auditory and tactile imagery in blind and
sighted participants—one possible outcome was that we would
find higher classification accuracies for blind compared with
sighted participants. Again, similar to the perception modality
analyses, we found comparable, rather than enhanced, intra-
modal representations of imagery modality between blind and
sighted groups. Moreover, even though the results were not sig-
nificantly different from the sighted group, we were not able to
successfully classify imagery modality in primary somatosen-
sory area 1 and 3b of the blind group. Overall, this indicates
that there was no enhancement of imagery modality differenti-
ation in the intra-modal cortices in the blind and even suggests
a slight reduced representation of mental images in primary
somatosensory cortex. These findings seem contrary to earlier
research which showed higher brain activity in somatosensory
and primary motor areas during imagined locomotion
(Deutschlander et al. 2009). We should point out though that in
our study, we are studying brain patterns that differentiate the
2 imagery modalities, rather than assessing the activity during
tactile imagery. The results of the classification of imagery con-
tent, which are discussed in the next section, suggest that both
auditory and tactile imagery (de)activate the somatosensory
and motor cortex. Therefore, it might be that these representa-
tions are not very well distinguished in these parts of the
cortex.

Subsequently, we investigated whether auditory and haptic
imagery could be classified from brain activity in the primary
visual cortex. Contrary to our expectations, we found no evi-
dence for imagery modality discriminative patterns in the pri-
mary and secondary visual cortex of the blind participants.
Sighted participants, on the other hand, did show significant
classification accuracies for imagery modality in V1 and V2,
even though the decoding accuracies did not differ significantly
between the 2 groups. These results suggest that any imagery
representations of the blind participants in primary visual cor-
tex—if present—are not differentiated for the auditory vs. tac-
tile domains. So far, primary visual cortex recruitment during

mental imagery or working memory in early blind has only
been shown during auditory perception (Lambert et al. 2004;
Lewis et al. 2011), never during mental imagery in the absence
of a perceptual stimulus. Also in this study, we could not find
any support for cross-modal activation of primary visual cortex,
which was differentiated between conditions, during mental
imagery in congenitally blind. Therefore, it remains question-
able whether the reorganization of primary visual cortex after
visual deprivations extends to the representation of fine-
grained details of imagined information. We do not, however,
exclude that blind people may be able to activate primary
visual cortex through imagery. A study using an imagery task
in congenitally blind that compares 2 broad object categories
(e.g. tactile imagery of tools vs. fruits), with a task that requires
the imagery of the objects’ features (e.g. detailed information
on texture and shape), may be able to shed more light on this.
Alternatively, as primary visual cortex plays a role in language
perception in congenitally blind (Roder et al. 2002; Burton et al.
2003; Bedny et al. 2011; Lane et al. 2015), a language-based
imagery task may also active primary visual cortex. In the high-
er visual areas, on the other hand, we could successfully clas-
sify imagery modality in blind participants in areas V3, V4, and
especially in V5/MT+. Also in the sighted participants, the clas-
sification accuracies in visual cortex were highest in MT+. In
MT+, the classification was perhaps more differentiated
because participants were imagining rotating the 3D figure dur-
ing tactile imagery, which would be motion sensitive, while
this was not the case for auditory imagery.

Representations of Imagery Content

Our last research question related to the representation of
imagery content. In both the blind and the sighted, we success-
fully predicted within-category imagery content, for example,
on the basis of brain activity we could determine if a partici-
pant was thinking of voice identity 1 or 2. To our knowledge,
we are the first to successfully predict within-category imagery
content in the auditory domain in congenitally blind and
sighted participants (see also de Borst and de Gelder 2017). We
found evidence for imagined auditory content representation
for angry voice identity in primary motor cortex area 4a and
visual area V4 in the blind. Together with the results of the
imagery modality analyses, these results provide evidence for
the cross-modal activation of higher visual areas in blind parti-
cipants—even in the absence of a perceptual stimulus. In the
sighted participants, we found that the primary somatosensory
and primary motor cortex contaioverned auditory imagery con-
tent information, but not the visual cortex. It was initially sur-
prising to find representations of imagined voice identity in the
primary motor and somatosensory cortex. However, as dis-
cussed in de Borst & de Gelder (2017), these results may suggest
that participants were using an inner vocalization strategy to
imagine the voices. Although participants were instructed to
imagine how the voices sounded, they may have been using
their “inner voice” rather than their “inner ear” for imagery.
Earlier work by de Borst et al. (2016) on film professionals and
nonexperts also revealed that nonexperts are more likely to
use some form of inner speech as an auditory imagery strategy.
Similar to the execution of vocalizations, such as speech or
singing, inner speech during imagery has shown to activate the
primary motor cortex and the somatosensory cortex (Ozdemir
et al. 2006; Kleber et al. 2007). Also, during the imagery of non-
vocal sounds, such as the melody of a tune, activation of the
motor and parietal cortices has been reported (Halpern and
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Zatorre 1999). Alternatively, it could be the case that auditory
imagery deactivates the primary somatosensory and motor cor-
tex and that this deactivation is stronger for certain stimuli
than others.

We did not find any evidence for enhanced representations
of imagery content in the primary auditory or somatosensory
cortex of blind individuals. As research has indicated that blind
individuals have superior auditory and haptic perceptual cap-
abilities, we would have expected for these abilities to be
reflected in the imagery domain as well. We expected that, for
example, enhanced encoding and consolidation of auditory sti-
muli (Stevens and Weaver 2005; Rokem and Ahissar 2009)
would lead to more precise mental representations, which in
turn would lead to more distinct multivariate patterns and
higher classification accuracies for imagery content (de Borst
et al. 2016). Instead, we found that we could not predict more
imagery content in blind individuals than in sighted. Only audi-
tory imagery of angry identity 1 versus 2 could be successfully
predicted in the blind, while in the sighted participant, we
could predict all other auditory imagery content.

Conclusions and Future Directions

With this study, we had a first look into intra-modal and cross-
modal multivariate representations of mental imagery in the
blind brain. Our results showed that after visual deprivation
mental imagery follows a similar intra-modal reorganization as
perception, showing comparable, rather than enhanced, intra-
modal representations of imagery, and perception modality in
the blind and sighted groups. Concerning the cross-modal reor-
ganization, we found that representations of imagery and per-
ception modality were similar in blind and sighted groups in
the higher visual areas, but we found no evidence for cross-
modal imagery modality information in the primary visual cor-
tex of blind participants. Both groups did show evidence for the
representation of specific-imagined auditory features in several
regions of interest, including visual area V4 in the blind
participants.

Although we did not find any evidence for changes in the
broad intra-modal brain organization in the blind, we do not
want to exclude the possibility that changes may occur at more
detailed levels (as shown in a.o. Pascual-Leone and Torres
1993). For example, our whole-brain results of perception
modality classification showed searchlights with classification
accuracies above chance in one group, but not in the other.
Although these accuracies were not statistically significant
between groups, it may indicate that some differential proces-
sing occurred. On the basis of studies on neural plasticity and
learning, we can presume that sustained changes in behavior,
such as present in the blind, are associated with changes in
cortical representations. It may be challenging, however, to
show how lifelong visually-deprived experiences across a wide
variety of tasks contribute to specific changes in cortical repre-
sentations. One possibility would be to gather a range of demo-
graphic and behavioral data in the congenitally blind, to
systematically test whether blind participants perform better at
certain behavioral tasks than sighted people, and to correlate
these behavioral data with brain activity or representational
information. By taking a systematic approach in which sepa-
rate studies each target a task that modulates specific relevant
features, it would be possible to link enhanced behavior with
representational changes and draw more specific conclusions
about how detailed representations may be reorganized within
a certain brain region. Study designs similar to perceptual

expertise studies, which investigate both functional and ana-
tomical changes (Schneider et al. 2005b), could shed more light
on both intra- and cross-modal (re)organization of perception
and imagery in the blind and sighted. Especially high-
resolution imaging combined with multivariate analyses could
contribute to unraveling local changes and provide more
insight in the level of detail that is represented beyond modal-
ity or category information.
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