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a b s t r a c t 

In humans, face-processing relies on a network of brain regions predominantly in the right occipito-temporal 

cortex. We tested congenitally deaf (CD) signers and matched hearing controls (HC) to investigate the experi- 

ence dependence of the cortical organization of face processing. Specifically, we used EEG frequency-tagging to 

evaluate: (1) Face-Object Categorization, (2) Emotional Facial-Expression Discrimination and (3) Individual Face 

Discrimination. The EEG was recorded to visual stimuli presented at a rate of 6 Hz, with oddball stimuli at a rate 

of 1.2 Hz. In all three experiments and in both groups, significant face discriminative responses were found. Face- 

Object categorization was associated to a relative increased involvement of the left hemisphere in CD individuals 

compared to HC individuals. A similar trend was observed for Emotional Facial-Expression discrimination but not 

for Individual Face Discrimination. Source reconstruction suggested a greater activation of the auditory cortices 

in the CD group for Individual Face Discrimination. These findings suggest that the experience dependence of the 

relative contribution of the two hemispheres as well as crossmodal plasticity vary with different aspects of face 

processing. 
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. Introduction 

Face processing belongs to the most studied human brain functions,
ost likely due to the fact that faces play a unique role in social inter-

ctions ( Calder et al., 2011 ). Faces convey crucial information about,
.g., the identity, sex, age, and emotional state of a person. The process-
ng of faces recruits a network of brain regions which responds more
trongly to faces than to other visual stimulus categories, mainly in the
entral occipito-temporal cortex (VOTC) and posterior superior tempo-
al sulcus (pSTS) ( Haxby et al., 2000 ; Duchaine and Yovel, 2015 ; Grill-
pector et al., 2017 ). Newborns display a bias for visual stimuli that en-
ompass general statistical properties present in faces (e.g., “top-heavy
atterns ”, Macchi Cassia et al. 2004 ; Simion et al., 2008 ). The face pro-
essing system specializes over an extended developmental period to the
aces most often encountered ( Macchi Cassia et al. 2009 ; Anzures et al.,
013 ). 
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An unsolved question is the extent to which different functions of the
ace processing system are shaped by experience. Here we investigated
hree sub-functions of face processing, in congenitally deaf individuals
ho all had learned a sign language as first language. Faces are of par-

icular relevance to this population since on the one hand, facial cues
re of special importance in sign languages and for lip reading, and on
he other hand, deaf individuals miss vocal information to assess the
motional tone or identity of other people. 

Following auditory deprivation, neural circuits which are associ-
ted with the deprived sensory system (i.e., the auditory cortex) as
ell as neural circuits, which represent the intact sensory input (e.g.,

he visual cortex) have been found to reorganize ( Bavelier and Neville,
002 ; Merabet and Pascual-Leone, 2010 ; Pavani and Röder, 2012 ;
eimler et al., 2014 ). These phenomena are called crossmodal and in-

ramodal plasticity, respectively. Both crossmodal and intramodal plas-
icity have been linked to enhanced visual abilities in deaf individu-
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ls ( Bavelier et al., 2000 ; Bavelier et al., 2006 ; Lomber et al., 2010 ;
authal et al., 2013 ). 

Studies on face processing in congenitally deaf signers have re-
ealed both crossmodal and intramodal plasticity ( McCullough et al.,
005 ; Stropahl et al., 2015 ; Benetti et al., 2017 ). A recent func-
ional magnetic resonance (fMRI) study in congenitally deaf signers by
enetti et al. (2017) has investigated brain regions of the right superior
emporal sulcus (STS), which have been suggested to comprise neural
ystems for voice processing (temporal voice area, TVA) in hearing in-
ividuals ( Belin et al., 2000 ; Belin and Zatorre, 2003 ). Results revealed
hat the response of this area to faces was enhanced in deaf individuals as
ompared to both hearing signers and hearing non-signers. The authors
nterpreted their results in favour of the view that crossmodal plasticity
ollows the functional specialization of neural systems ( Lomber et al.,
010 ): brain regions supporting person processing in one modality sup-
ort person processing based on the remaining intact sensory modali-
ies, if the typical modality input is missing. Moreover, the results of
his study indicated that such crossmodal response could not be ex-
lained by the use of a sign language. McCullough et al. (2005) observed
 change in the typical lateralization of ventral visual areas (specif-
cally the fusiform gyrus) following congenital deafness: while emo-
ional facial expressions elicited a bilateral activation of the fusiform
yrus (FG) in hearing controls, the activation was left lateralized in
ongenitally deaf signers ( McCullough et al., 2005 ). This result sug-
ests intramodal in addition to crossmodal changes of face processing in
eaf individuals. Crucially, hearing native signers did not show a sim-
lar change in lateralization, suggesting that sign language experience
lone was not responsible for these cortical changes ( Emmorey and Mc-
ullough, 2009 ). In sum, these studies provide evidence that the hu-
an face processing system depends on early experience ( Bettger et al.,
997 ; McCullough et al., 2005 ; Weisberg et al., 2012 ; Letourneau and
itchell, 2013 ; Benetti et al., 2017 ). In concordance with a change in the

ateralization of neural systems related to face processing, behavioural
tudies have shown a reduced left visual field (LVF) bias in early deaf
ndividuals when judging emotional facial expressions of the gender of
aces ( Letourneau and Mitchell, 2013 ; Dole et al., 2017 ). By contrast, the
ypical LVF bias was observed in deaf signers for face identity judgments
 Letourneau and Mitchell, 2013 ) suggesting that changes in laterality
re task dependant. 

However, which face processing functions are experience-dependent
nd whether different functions encounter distinct neural adaptations is
et unknown. To address these questions, the same subjects must be
ested for different face processing functions. This approach was imple-
ented in the present study by employing Fast Periodic Visual Stimula-

ion (FPVS) and recording triggered changes in the electroencephalogra-
hy (EEG) in a group of congenitally deaf signers and a group of hearing
ontrols. The two groups were compared in three functions of face pro-
essing: (1) the ability to discriminate faces from non-face objects, i.e.
ace-Object Categorization, (2) the ability to discriminate changes in fa-
ial expression i.e. Emotional Facial Expression Discrimination, and (3)
he ability to individuate face identities, i.e. Individual Face Discrimina-
ion. We used FPVS-EEG since visual stimuli presented at periodic rates
ypically elicit high signal-to-noise ratio (SNR) responses over the hu-
an scalp which can be objectively quantified in the frequency-domain

see Norcia et al., 2015 ; Rossion et al., 2020 for reviews). In recent years,
his approach has been successfully used to provide sensitive and ob-
ective measures of face processing in typically developed individuals
 Rossion et al., 2020 for a recent review). This technique allowed us
ere to measure rapidly and objectively robust discriminative responses
ithin the same participants and within the same experimental session.
e exploited this powerful technique to investigate the combined im-

act of a congenital auditory deprivation and the use of a sign language
ince birth on different face processing functions. 

All experiments implemented in the present study were previously
alidated in hearing individuals ( Liu-Shuang et al., 2014 ; Rossion et al.,
015 ; Dzhelyova et al., 2017 ). Pictures were presented at a fixed rate
f 6 Hz (six images/s) with a target stimulus being presented every five
timuli (i.e. 6/5 = 1.2 Hz). The target was defined as a face among other
bjects in experiment 1; a face with an emotional expression among neu-
ral faces in experiment 2 and the image of a face having a different iden-
ity among images of faces having the same identity in experiment 3. In
xperiment 2 and experiment 3, images were selected from the same
ataset, but stimulus categories were orthogonally organised: while in
he Emotional Facial Expression Discrimination experiment the identity
f the faces was randomized across facial expressions, in the Individ-
al Face Discrimination experiment emotional facial expressions were
andomized across face identities. Therefore, by using the same set of
timuli, we were able to directly compare neural correlates of emotion
s. identity processing between congenitally deaf signers and hearing
dults. For each of the three experiments, neural responses at the tar-
et frequency (1.2) Hz and its harmonics were extracted from the EEG
requency-domain representation. The overall discriminative response
as compared between the two groups. Based on previous findings
 McCullough et al., 2005 ; Letourneau and Mitchell, 2013 ), we predicted
 relatively stronger involvement of the left hemisphere for face catego-
ization and for aspects of face processing related to sign language (the
rocessing of facial expressions) but not to identity. Crossmodal plastic-
ty, that is, a stronger activation of the auditory cortex in response to
ace stimuli, was assessed with distributed sources modelling. We hy-
othesized that congenitally deaf signers would activate the auditory
ortex more than controls during face processing ( Benetti et al., 2017 ;
tropahl et al., 2015 ). 

. Methods 

.1. Participants 

Twelve congenitally deaf adults (from now on referred to as “CD ”,
ight men, mean age = 25.15 years, SD = 4.02, range: 21–33 years;
ll of them completed secondary schools) participated in the present
tudy. All CD participants were right-handed and had a profound bi-
ateral hereditary deafness with a hearing loss greater than 100 dB in
he better ear since birth. All participants had learned a sign language
s first language. Ten deaf participants had acquired German Sign Lan-
uage ( Deutsche Gebärdensprache , DGS; Kubus et al., 2015 ) as their first
anguage while the two remaining participants had learned Turkish or
ussian Sign Language as their first language. These two participants
ad acquired DGS as a second sign language and used DGS as their
ain language. DGS proficiency was assessed with the German Sign

anguage Repetition Task (DGS-SRT; see Supplementary Material) by
wo deaf experts who were native signers. According to the DGS-SRT
valuation, all deaf participants owned native-like DGS competence. All
D participants were recruited from the North German region, had nor-
al or corrected-to-normal vision, and none of them reported a history

f a neurological disorder. 
A control group of twelve hearing non-signers (from now on referred

s “HC ”, eight men, mean age = 25.36 years, SD = 3.54, range: 20–32
ears) matching the CD individuals in age, gender and handedness, was
ecruited from the local community of the city of Hamburg, Germany.
ll hearing participants had normal or corrected-to-normal vision and
eported that they had never suffered from any neurological disorder. 

The study was approved by the ethical committee of the German So-
iety of Psychology and was conducted in accordance with the seventh
evision of the Declaration of Helsinki. Prior to testing, all participants
eceived instructions about the experimental procedure (for the CD in-
ividuals, the explanation was provided in written from and in a DGS
ideo) and gave their written informed consent. 

.2. Experimental design and setup 

The study consisted of three previously validated EEG experiments:
1) Face-Object Categorization (FO; from Rossion et al., 2015 ),
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Fig. 1. Schematic illustration of the experimental paradigms (for details see Liu-Shuang et al., 2014 ; Rossion et al., 2015 ; Dzhelyova et al., 2017 ). (A) All three 

experiments shared a similar design. Stimuli were presented at a base frequency of 6 Hz (solid blue line in B). Key stimuli appeared periodically every fifth image, 

that is, at a rate of 1.2 Hz (dashed orange line in B). Experiment 1: Face-Object Categorization (FO). Stimuli included grey-coloured images of non-face objects from 

ten different categories and images of faces. The stimulus appearing every 5 stimuli was always a face. Experiment 2: Emotional Facial Expression Discrimination (EM). 

Neutrally expressive faces of different identities were presented at the base frequency, whereas expressive faces with another emotion (disgust, fear or happiness) 

appeared at the oddball frequency (identity was changing for each image). Experiment 3: Individual Face Discrimination (ID). Stimuli included Face images of different 

identities with neutral or expressive emotions (fear, disgust, happiness). At the base frequency, different expressions of the same face-identity were presented, while 

at the oddball frequency, a novel identity was used (emotional facial expression was changing for each image). In all three experiments, participants continuously 

monitored a colour-change of a small cross located at the centre of the visual stimuli to which they had to respond with the button-press. (B) An illustration of 

the sinusoidal contrast modulation used for stimuli presentation and the periodic response (that is, a periodic EEG response to a fast periodic visual stimulation, 

appearing at the same frequency as the stimulation); the response at the base frequency is indicated with the blue colour, whereas the oddball response is indicated 

with the orange colour. Note: responses at the corresponding harmonics are not shown on the figure. 
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2) Emotional Facial Expression Discrimination (EM; from
zhelyova et al., 2017 ) and (3) Individual Face Discrimination (ID;

rom Liu-Shuang et al., 2014 ; as extensively reviewed in Rossion et al.,
020 ). 

Each participant performed all three experiments during one session,
n a dimly lit room in the Biological Psychology and Neuropsychology
ab of the University of Hamburg. The order of the experiments was the
ame for every participant: FO, ID and EM. However, we report methods
nd results of each experiment with the following order FO, EM, ID as it
etter represents the hierarchy within the face processing system. The
timuli were delivered on a Dell computer monitor with 1680 × 1050
esolution and a refresh rate of 60 Hz, by adopting a sinusoidal con-
rast modulation (0–100%) at 6 Hz using the Sinstim Toolbox created
n Matlab 2009 (MathWorks Inc., Natick, MA). Thus, each stimulation
ycle lasted 167 ms. The full luminance value of each pixel of an image
as reached around 83 ms after the onset of a stimulus, that is, at half

ycle. 
During EEG recording, participants were comfortably sitting at

0 cm viewing distance from the computer screen. Prior to testing, par-
icipants were instructed to adopt a relaxed sitting position, to refrain
rom moving and to continuously fixate on a small black cross (16 pixels
esolution, 5 mm in size, 0.35° of visual angle) shown at the centre of the
ickering stimuli (the fixating cross was located between the eyes of the

aces). Participants were asked to detect infrequent changes (from black
o red) of the fixation cross and to press the space-bar of a keyboard
placed in front of them) with the index finger of the right hand when-
ver the fixation cross changed its colour. Participants were instructed to
erform this colour detection task without ignoring the stream of images
n the background. Colour changes occurred 10 times per stimulation
equence at random times. Response times (RT) and accuracy (percent-
 a  
ge correct) to colour changes were recorded. During the EEG session,
 webcam continuously monitored participants to guarantee continu-
us communication between them and the experimenter. Participants
ere invited to take regular breaks every 10–15 min and to shortly rest
fter each sequence (see Procedure ). When a participant was ready for
he next sequence, he/she made a sign towards the camera upon which
he experimenter started the next sequence. The sequence order was
andomized for each participant. The total testing time, including three
xperiments with EEG application/removal, breaks, took about 3 h. 

Face-Object Categorization (experiment 1) 

.3. Stimuli 

Fifty-one photographic images of faces and 254 photographic images
f various objects (animals, plants, houses, and human-made objects)
ere used as stimuli (see Experiment 1 in Fig. 1 ). All images were in
reyscale, equalized in luminance and contrast, 200 × 200 pixels in size
for the details on the stimuli data-set, see ( Rossion et al., 2015 ). The
timuli were shown on the screen within an area of 7.3 × 7.3 cm at the
esolution of 259 × 259 pixels, resulting in a 5.22° of visual angle (VA)
hen viewed at a distance of 80 cm. The faces were unknown to the
articipants and they had not seen any of the object pictures prior to
he experiment. 

.4. Procedure 

Stimulus presentation was controlled using Matlab 2009. Fast Peri-
dic Visual Stimulation (FPVS, Rossion, 2014b ) was applied, with sinu-
oidal contrast modulation at the base frequency of 6 Hz. A face image
ppeared after four images of other objects, that is, at a frequency of
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.2 Hz. To compose a sequence, the stimulus selection for both stimulus
ategories was random. Frequencies of interest included the base fre-
uency (6 Hz), the oddball frequency (1.2 Hz), and harmonics for the
ddball frequency (e.g., 2.4 Hz, 3.6 Hz, etc.). 

Stimulation sequences were shown to test the ability to discrimi-
ate between the face-stimuli and other objects from other categories.
ince multiple object identities were used, categorization required gen-
ralizing across multiple face exemplars and objects. The amplitude of
he EEG signal at the 1.2 Hz frequency and its harmonics was con-
idered as an indicator of category discrimination and generalisation
 Rossion et al., 2018 ). 

Each sequence was repeated twice for each participant. Each se-
uence lasted for 64 s, including 60 s of stimulation, 2 s of fading-in
nd 2 s of fading-out, at the beginning and at the end of stimulation.
nly these 60 s of "pure ” stimulation were further analysed. Each se-
uence start was preceded by the appearance of a small black fixation
ross against the grey blank background for 2–5 s (randomly jittered in
ength), in order to setup and maintain the participants’ eye-fixation. 

Emotional Facial Expression Discrimination (across identities; exper-
ment 2) 

The stimuli used in experiment 2 and experiment 3 were selected
rom the same stimulus set. For Emotional Facial Expressions Discrimi-
ation, neutrally expressive faces were presented at the base frequency,
hile a face expressing disgust, fear or happiness was shown at the odd-
all frequency (see Experiment 2 in Fig. 1 ). For both the base and the
ddball frequency the identity of the face was randomized; gender was
ept constant. 

.5. Stimuli 

Due to time constraints, we limited the investigation to the discrim-
nation of three emotional facial expressions (namely, fear, disgust and
appiness) with respect to a neutral facial expression. Fourteen full
oloured front face pictures from the Karolinska Directed Emotional
aces dataset were selected ( Lundqvist et al., 1998 ) comprising 7 males
nd 7 female identities with 4 facial expressions: 3 emotional expres-
ions corresponding to fear, disgust, and happiness plus 1 neutral. There-
ore, 56 stimuli were used in total. Participants were unfamiliar with the
ictures prior to testing. Each face picture had an equalized mean pixel
uminance during stimulation. The original background was replaced
ith a grey colour. 

.6. Procedure 

The base frequency was generated by presenting images randomly
elected from 7 different identities (either from the male or female pool)
ith a neutral emotional facial expression. Every fifth stimulus (odd-
all), a face with one of three emotional expressions was shown (while
he identity of the face was random). Within a stimulation sequence, the
ame emotional facial expression was used as oddball images (that is ei-
her disgust, fear, or happiness). To avoid low-level repetition effects,
he size of the pictures was randomly varied between 90% and 110% at
very stimulation cycle ( Dzhelyova and Rossion, 2014 a, Dzhelyova and
ossion, 2014 b). 

The number of sequences was 6: 3 oddball emotional expressions
disgusted, fearful, and happiness) and 2 experimental conditions (up-
ight and inverted). Each sequence was repeated 4 times (2 sequences
f male identities and 2 of female identities), resulting in a total of 24
andomised sequences. The inverted condition was used as a control.
timulus selection for both stimulus categories was random. All images
ere 300 × 450 pixels in size. The stimuli were shown on the screen
ithin an area of 8.5 × 12.7 cm, resulting in 6° of visual angle (VA)
hen viewed at a distance of 80 cm. Each sequence lasted 54 s, includ-

ng 50 s of stimulation, 2 s of gradual fading-in at the beginning and 2 s
f gradual fading-out at the end of stimulation. Only 50 s of stimulation
ere included in the data analysis. The remaining procedure was as for
xperiment 1. Without counting breaks, the duration of the experiment
asted for about 21 min (24 sequences × 54 s). 

Individual Face Discrimination experiment 

.7. Stimuli 

For Individual Face Discrimination (experiment 3), at the base
requency different expressions of the same identity were presented,
hereas at the oddball frequency, a novel identity was used. The stimuli
ere extracted by the same set of stimuli which was used in experiment
. To maximize the generalizability of the identity discrimination across
he largest possible sets of different images, we used all emotional fa-
ial expressions which were available in the set of stimuli: 7 males and
 female identities, each with 7 facial expressions (fear, angry, disgust,
appiness, neutral, sad, and surprised). Thus, in total 98 pictures were
mployed. Participants were unfamiliar with the pictures prior to test-
ng. Images were presented with the same size as in experiment 2, all
ther parameters were as in experiments 1 and 2. 

.8. Procedure 

Two conditions were implemented (upright and inverted) with four
epetitions per condition (2 sequences with male identities and 2 se-
uences with female identities), resulting in a total of 8 randomised
equences. The base frequency was generated by presenting images ran-
omly selected among 7 different facial expressions of the same identity;
very fifth face, another identity (oddball frequency; 6 Hz/5 = 1.2 Hz)
as shown. At the start of each sequence, the base identity was ran-
omly selected from four possible identities. The face identities pre-
ented at the oddball frequency were randomly selected from the re-
aining pool (i.e., from 42 pictures: 6 different identities with 7 differ-

nt emotional expressions each). 
To avoid low-level repetition effects, the size of the pictures was

andomly varied between 90% and 110% at every stimulation cycle
 Dzhelyova and Rossion, 2014 a, Dzhelyova and Rossion, 2014 b). To
urther isolate face individuation responses that cannot be accounted
erely by physical differences between images, we used an inverted

ace presentation as a control condition, in which the same face stimuli
ere used albeit upside-down (note: Fig. 1 shows only upright condition
f experiment 3). 

Each sequence lasted 54 s, including 50 s of stimulation, 2 s of grad-
al fading-in at the beginning and 2 s of gradual fading-out at the end of
timulation. Only the 50 s of stimulation were included to further data
nalysis. The remaining procedure was as described for Experiment 1
nd 2. Without counting breaks, the duration of the experiment lasted
or about 7.2 min (8 sequences × 54 s). 

.9. EEG acquisition 

The EEG was recorded with 74 Ag/AgCl passive electrodes (Easycap)
eferenced to the right earlobe and acquired using the BrainVision soft-
are (Brain Products, GmbH). The sampling rate was 500 Hz (hardware
andpass filter with a passband of 0.032–200 Hz). Electrode positions
ncluded standard international 10–20 system locations and additional
ntermediate positions (see supplementary Fig. S1). 

.10. Data analysis in the frequency-domain 

The analysis in the frequency domain was performed in Letswave
 (Matlab-based toolbox; http://www.nocions.org/letswave). The same
re-processing procedures (tuned for the Fast Periodic Visual Stimu-
ation) were applied to the datasets of all three experiments, accord-
ng to most recent studies with such paradigms (e.g., Yan et al., 2019 ;
etter et al., 2020 ; see also the review of Rossion et al., 2020 ). First, a
utterworth bandpass filter was applied to the EEG data (fourth-order,
.1–120 Hz cut-off), which was down-sampled from 500 to 250 Hz, and
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egmented from − 2 s to 66 s in order to include 2 s of recording before
he first stimulus onset and 2 s after the end of each sequence. For each
articipant, recording sequences of each experiment were concatenated
separately for each experiment). Biological artefacts related to eye-
ovements and eye blinks were removed by applying an independent

omponent analysis on the extended Infomax ( Bell and Sejnowski, 1995 ;
ung et al., 2000a , 2000b ). Components were extracted and then in-
pected for their spectral properties, scalp distribution, and distribution
cross sequences. ICA components indicating one of the artefacts listed
bove were removed. Noisy channels were replaced by interpolating 3
eighbouring channels (Experiment 1 (FO): 3 channels in total across
 CD participants and 8 channels in total across 6 HC participants; Ex-
eriment 2 (EM): 13 channels in total across 9 CD participants and 9
hannels in total across 6 HC participants; Experiment 3 (ID): 7 chan-
els in total across 5 CD participants and 4 channels in total across 4 HC
articipants). All channels were finally re-referenced to a common av-
rage reference. At the single participant level, each epoch was further
egmented to an integer number of 1.2 Hz cycles, starting at the onset
f the sequence and lasting 60 s (corresponding to 72 cycles, 15,000
ime points in total, in FO experiment) or 50 s (corresponding to 60 cy-
les, 12,500 time points in total, in EM and ID experiments). This proce-
ure was applied to avoid spectral leakage to neighbouring frequencies.
he number of bins for a frequency of interest was computed through
 Matlab custom made script integercycle , multiplying the value of the
ampling rate by the length of the segment. To increase SNR, epochs
orresponding to stimulation sequences of the same condition were av-
raged in the time domain, separately for each participant. Fast Fourier
ransform (FFT) was applied to each of the averaged segments, con-
erting the EEG data to the frequency domain. The FFT transformation
ielded a spectrum ranging from 0 to 250 Hz with a spectral resolu-
ion (i.e. frequency bins) of 1/60 s, i.e. 0.017 Hz for FO experiment and
/50 s, i.e. 0.02 Hz for the EM and the ID experiments. 

To quantify the responses of interest, we first identified in each ex-
eriment whether there was a significant response at the frequency of
nterest (e.g. 1.2 Hz) and its harmonics. To this aim, we computed the
FT grand averaged data across participants, conditions, and groups,
eparately for each experiment. The amplitude of the FFT data was fur-
her averaged across all electrodes. The amplitude value at the funda-
ental frequencies of interest (1.2 Hz or 6 Hz) and their harmonics

2.4 Hz, 3.6 Hz, etc.; 12 Hz, etc.) was compared to the distribution cal-
ulated on the amplitude of the FFT grand averaged data measured at
0 surrounding bins (of each frequency of interest). We excluded the
 bins (one on the left and one on the right side) immediately adja-
ent to the frequency of interest, to exclude potential amplitude leakage
cross adjacent bins ( Dzhelyova and Rossion 2014 a, Dzhelyova and Ros-
ion, 2014 b; Retter and Rossion 2016 ). Z-values were then computed
eparately for each frequency of interest, against the surrounding noise
note that, in both groups and across all experiments and conditions,
he distributions of the amplitudes of surrounding bins were normally
istributed). Z-values were calculated as follows: the amplitude at the
requency of interest (e.g. 1.2 Hz) MINUS the average of surrounding
ins / standard deviation of surrounding bins. This procedure measures
he deviation of the amplitude of the frequency of interest with respect
o the mean of the surrounding bins, expressed in terms of standard
eviations from this mean. Frequency bins with a z-value larger than
.64 (corresponding to a one-tailed p -value of p < 0.05) were consid-
red as deviating significantly from noise. A one-tailed liberal statistical
hreshold was used at this stage to select the highest number of harmon-
cs to obtain an accurate quantification of the signal, with a one-tailed
esting due to the directionality of the hypothesis (i.e., signal > noise
evel; see Rossion et al., 2020 ; see also Supplementary Material for a
ata analysis performed using a more stringent Z-value of 3.29, cor-
esponding to a two-tailed p -value of p < 0.001 with similar results).
nce significant responses at the frequencies of interest (e.g. 1.2 Hz,
.4 Hz, and so on) were identified, we returned to the raw single sub-
ect data and computed baseline-correction for each participant and con-
ition. Only for frequencies which differed from surrounding noise (in
he FFT grand averaged data across participants, conditions and groups)
he baseline correction was computed at the single participant level as
ollows: from the frequency of interest the averaged amplitude of 20
urrounding frequency bins (10 from each side) was subtracted (we did
ot consider immediately adjacent bins, which might contain power in
he frequency of interest due to a spectral leakage, and the local maxi-
um and minimum amplitude bins as in ( Dzhelyova and Rossion 2014 a,
zhelyova and Rossion, 2014 b; Retter and Rossion 2016 ). Moreover,

or visualization purposes, the SNR was calculated for each participant
nd condition as follows: the amplitude at the frequency of interest was
ivided by the average amplitude of 20 surrounding bins (we did not
onsider the same bins which were excluded in the baseline-correction
rocedure, see above). This procedure was implemented to correct for
he overall noise level and to better visualise the data ( Dzhelyova et al.,
017 ). 

For each frequency of interest, we then identified the set of con-
ecutively significant baseline-corrected harmonics in the FFT grand
veraged data across participants, conditions, and groups. Harmonics
f the 1.2 Hz oddball frequency, which corresponded to the base fre-
uency or its harmonics, the 5th (6 Hz), 10th (12 Hz), and 15th (18 Hz)
ere not considered, because the responses to stimuli presented at both
ase and oddball frequencies are confounded at these frequencies. These
ignificant harmonics were then combined into a summed oddball re-
ponse at the single participant level. Once the summed oddball re-
ponse was averaged for each participant, it was used as a dependent
easure for further statistical analyses (see Dzhelyova et al., 2017 ).

n the FO experiment (experiment 1), 14 consecutive harmonics (i.e.
.2 Hz to 20.4 Hz; see Supplementary Material) were significant. In the
M experiment (experiment 2) 18 consecutive harmonics (i.e. 1.2 Hz
o 26.4 Hz; see Supplementary Material) were significant. The summed
ddball response across emotional facial-expressions was calculated by
veraging the summed oddball response calculated at the level of single
motional Facial-Expressions in each group. Finally, for in the ID exper-
ment, the significant summed oddball response was composed by the
verage first 6 harmonics (i.e. 1.2 to 8.4 Hz; see Supplementary Mate-
ial; see also Rossion et al., 2020 ). Finally, we computed grand averages
f both baseline-corrected and SNR data across participants for each
roup and condition. 

The main aim of the frequency domain analyses was to perform be-
ween group comparisons of the summed oddball responses. The anal-
sis focused on the average of the response across posterior electrodes
n the left and right hemisphere, which for both groups comprised the
ighest baseline-corrected amplitudes in each experiment (see Supple-
entary Fig. S1). Data inspection revealed a strong consistency between

he scalp topographies measured in the present sample of HC individuals
nd previous studies using the same paradigms (e.g. Liu-Shuang et al.,
014 ; Rossion et al., 2015 ; Dzhelyova et al., 2017 ). Electrode selection
ncluded four pairs (P7-P8, PO7-PO8, P9-P10, PO9-PO10) covering the
osterior lateral portions of left and right hemispheres. At the single par-
icipant level, data were averaged across selected electrodes separately
or each hemisphere. The resulting amplitude values were used for sta-
istical comparisons. For each of the three experiments, we separately
an a mixed-design analyses of variance (ANOVAs; IBM SPSS Statistics
21.0.0) with group (CD, HC) as between-participant factor and the

ollowing within participant factors: For FO experiment: Hemisphere
left, right); for EM experiment: Condition (upright, inverted), Hemi-
phere (left, right); for ID experiment: Condition (upright, inverted),
emisphere (left, right). 

For the FO experiment, the analyses at posterior electrodes aimed at
pecifically testing for the two-way Hemisphere ∗ Group interaction ef-
ect (Condition as a factor was not present in this experiment) and, we
imited the analysis to this pre-specified effect (as opposed to investigat-
ng all main effects and interactions as it is done in exploratory analy-
es; see Cramer et al., 2016 ). For EM and ID experiments, at posterior
lectrodes we aimed at testing for the two-way Hemisphere ∗ Group and,
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or the three-way Hemisphere ∗ Condition ∗ Group interaction effects, and
he analyses were limited only to these pre-specified effects (see Cramer
t al., 2016). P -values were corrected for multiple comparisons across
elected F tests (i.e. interactions listed above) using the false discovery
ate (FDR; Benjamini et al., 2001 ). Moreover, for each participant, a
aterality index (LI) was calculated separately for each experiment as
ollows: Laterality Index = (L-R)/(|L| + |R|). Negative and positive values
ndicate a greater involvement of the right and of the left hemisphere, re-
pectively (see e.g., Seghier et al., 2008 ). At the single participant level,
 and R represent the EEG responses measured over each hemisphere
veraged across the selected posterior electrodes. For both EM and ID
xperiments the LI was assessed only for the upright face conditions. At
he group level, LI greater than a threshold of |0.2| indicated that there
s at least a 50% higher activity in one hemisphere than in the other
emisphere. This threshold has been previously suggested as indicating
emispheric dominance (see Seghier et al., 2008 ). 

Prior to performing the analysis in the source space we assessed
t the scalp level potential crossmodal activations in the CD group by
nalysing the responses measured at the vertex cluster comprising the
idline electrodes FCz, Cz and CPz (that is, electrodes typically mea-

uring the maximal responses from the auditory cortex; see Supplemen-
ary Figure 1). The same statistical models were run as for the posterior
lectrodes albeit without the factor Hemisphere. The two-way ANOVAs
hich were run for vertex responses in the experiments EM and ID
imed at exclusively testing for a possible Condition ∗ Group interaction
see Cramer et al., 2016). In the result section we reported only these
re-specified effects. For Post hoc analyses conducted to further analyse
ignificant pre-specified interactions we used planned pairwise compar-
sons (Bonferroni corrected). Since the analysis at the vertex was explo-
ative before employing source modelling, we did not apply a correction
or running two-mixed-design ANOVAs within the same experiment. 

As control analyses, for each of the three experiments we ran
NOVAs using as dependent measure the response measured at the base

requency (6 Hz and its harmonics, 12 Hz and 18 Hz). This analysis fo-
used on the same electrodes used for the summed oddball response. 

.11. Data analysis in the time-domain 

The time-domain analysis was conducted with two main aims: (a)
o visualize the time-course of the EEG response in all three experi-
ents; (b) to perform an analysis in the source space (source mod-

lling). The latter was not performed in the EM experiment as different
motional expressions are known to elicit different scalp topographies
 Dzhelyova et al., 2017 ; Leleu et al., 2018 ) and source modelling of
ach emotional facial expression was beyond the scope of the present
tudy. 

The time-domain analysis was performed by implementing the
ipeline used by Stropahl et al. (2015) , Stropahl et al. (2018) . Raw
EG data were pre-processed with EEGLAB 13.6.5 b ( Delorme and
akeig, 2004 ). First, a low pass filter (windowed sinc FIR filter, cut-off

requency 40 Hz, filter order 500) as well as a high pass filter (windowed
inc FIR filter, cut-off frequency 1 Hz, filter order 100; ( Widmann et al.,
015 ) were applied. Data were resampled to 250 Hz. In order to re-
ove non-stereotypical artefacts (such as sudden increases of muscle

ctivity) from the data, continuous datasets were segmented into con-
ecutive epochs with a length of 1 s. Segments displaying a joint proba-
ility of activity ( Delorme et al., 2007 ) larger than three standard devi-
tions (SD) were removed before performing the ICA. To remove typical
rtefacts such as eye movements and eye blinks, an independent compo-
ent analysis based on the extended Infomax ( Bell and Sejnowski, 1995 ;
ung et al., 2000a , 2000b ) was performed. In order to reduce computa-
ional time, the number of decomposed components was reduced from
4 to 50. The ICA weights were then associated to the raw EEG (contin-
ous and unfiltered data). ICA components representing artefacts were
dentified with the semi-automatic algorithm CORRMAP ( Viola et al.,
009 ). Following artefact-related component removal the data were seg-
ented accordingly to stimulus presentation. Consecutive epochs with a
ength of 0.7 s ( − 0.2 to 0.5 s) were generated. Epochs were time-locked
o the 0% contrast time-point in the sinusoidal contrast modulation. In
he ID experiment, epochs were calculated for the presentation of all
ace stimuli, but only for the upright condition. In order to match the
NR-level between the brain responses to different stimulus categories,
n the FO experiment, only object images presented immediately before
ace stimuli were selected. Analogous to the FO experiment, only the
ace stimuli having the same identity, presented immediately before the
ace having a new identity were considered. Epochs having a joint prob-
bility of activity greater than four standard deviations ( Stropahl et al.,
018 ) were automatically rejected (mean epochs removed per condi-
ion and group were: FO: CD = 9.2%, SD = 3.3; HC = 8.1%, SD = 2.1; ID:
D = 8.9%, SD = 1.5; HC = 8.6%, SD = 1.8). Finally, the data were base-

ine corrected using the − 100 to 0 ms pre-stimulus period, and digitally
ltered (low-pass filter with a 40-Hz upper cut-off, order 100). 

To visualize the time-course of the EEG signals, consecutive epochs
ith a length of 5.6 s (0 to 5.6 s) were extracted from the data after
rtefact-related component removal. The first 15 cycles of stimulation
rom the start of each sequence (3 times AAAAB sequences) were dis-
arded from analyses, to only include EEG signal in which the periodic
esponse had already been built. Each 5.6 s segment included 6 repe-
itions of the AAAAB sequence. At the individual subject level, epochs
ere averaged and low-pass filtered at 20 Hz (note that for both groups
ll significant harmonics occurred below 20 Hz). The data extraction
as carried at the individual level separately for each experiment and

ondition. Data were then averaged at the group level for visualization
see Supplementary Figs. 3–5). EEG segments revealed a highly struc-
ured non-linear response in the time domain. 

.12. Source reconstruction 

Source estimation was performed using Brainstorm software
 Tadel et al., 2011 ), which is based on a distributed dipoles model fit-
ing approach. Sources were extracted by applying a dynamic statistical
arametric mapping (dSPM; Dale et al., 2000 ), which has been shown
o provide a better localization of deep sources than standard minimum
orm procedures ( Lin et al., 2006 ). The dSPM adopts minimum-norm
nverse maps to estimate the locations of scalp electrical activities. Be-
ore source estimation, the EEG data were re-referenced to the common
verage reference ( Michel et al., 2004 ). Moreover, the activity was nor-
alized by an estimate at the individual level of the noise standard de-

iation at each electrode location ( Hansen et al., 2010 ). To this end, for
ach participant and location, noise covariance matrices and individual
oise standard deviations were calculated using single trials baseline in-
ervals data ( − 100 to 0 ms). The boundary element method (BEM) pro-
ided in OpenMEEG was adopted as a head model (default parameters
n Brainstorm were selected). The BEM provides anatomical information
y three realistic layers ( Gramfort et al., 2010 ; Stenroos et al., 2014 ).
ource estimation was performed by selecting the option of constrained
ipole orientations ( Tadel et al., 2011 ). Single-trial data were averaged
or each individual, then the estimate of active sources was calculated
t the individual level. 

Based on the existing literature ( Finney et al., 2001 ; Sandmann et al.,
012 ; Cardin et al., 2013 ; Bottari et al., 2014 ; Stropahl et al.,
015 ) an Auditory region of interest (ROI) was defined a priori
n each hemisphere before any statistical comparison was run (see
upplementary Figure S2). Estimated activations of this ROI were
sed to compare congenitally deaf individuals (CD) and hearing
ontrols (HC). The ROIs were defined by using the Destrieux-atlas
 Destrieux et al., 2010 ; Tadel et al., 2011 ), as implemented in FreeSurfer
http://ftp.nmr.mgh.harvard.edu/fswiki/CorticalParcellation), which is
vailable in Brainstorm and adopts an automatic parcellation performed
y a surface-based alignment of the cortical folding ( Destrieux et al.,
010 ). The Auditory ROI was defined by combining three areas to in-
lude Brodmann areas 41 and 42 (Destrieux: G_temp_sup-G_T_transv,
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_temporal_transverse and G_temp_sup-Plan_tempo). The so defined Au-
itory ROI has repeatedly shown crossmodal activations in deaf indi-
iduals ( Finney et al., 2003 ; Sandmann et al., 2012 ; Cardin et al., 2013 ;
ottari et al., 2014 ; Stropahl et al., 2015 ). 

First, source estimates in the Auditory ROIs were analysed for the FO
nd the ID experiments within each group. For the FO experiment we
ompared, separately for each hemisphere, the source estimates in re-
ponse to faces and to objects within the 200–300 ms time-window (see
upplementary Fig. 6) and, for the ID experiment the source estimates
n response to the different and the same face identities within the 300–
00 ms time-window (see supplementary Fig. 7). Two-sided t -tests for
ependent samples were performed at each time-point within these pre-
elected time windows. False discovery rate (FDR; Genovese et al., 2002 )
as used to correct for multiple comparisons. FDR bound (q-value) was

et at 0.05 ( Genovese et al., 2002 ). Note that, in the FO experiment,
he latency of the source peak in response to faces was consistent with
he original ERP result found in the study by Rossion et al. (2015) at
osterior scalp location (i.e. 220 ms). 

Second, source estimates of the evoked response to faces in the FO
xperiment and in response to different face identities in the ID exper-
ment were compared between groups in the auditory ROIs. A specific
ypothesis was tested in both FO and ID experiments. Based on previous
vidence, we hypothesized that the CD group would show greater activa-
ions of the auditory cortex as compared to the HC group ( Bottari et al.,
014 ; Stropahl et al., 2015 ; Benetti et al., 2017 ). To test this hypothe-
is, direct comparisons were performed between source activations mea-
ured in the Auditory ROIs, separately for each hemisphere. Local max-
ma (i.e., the absolute peak magnitude of source activations measured
n Auditory ROIs) of the responses to faces (FO experiment) and dif-
erent face identities (ID experiment) occurred for both groups, within
he significant within-group effects (faces vs. objects: see supplemen-
ary Fig. 6; same vs. different face identities: see Supplementary Fig.
). Thus, local maxima for faces and different face identities were used
s landmarks for the between group comparisons. One-sided t -tests for
ndependent samples were performed at each time-point within 50 ms
ime windows which comprised for each experiment the local maxima
f both groups. For the FO experiment, the 50 ms time-window was
etween 210 and 260 ms and for the ID experiment between 340 and
90 ms. False discovery rate (FDR; Genovese et al., 2002 ) was used to
orrect for multiple comparisons. FDR bound (q-value) was set at 0.05
 Genovese et al., 2002 ). For all analyses, tests with p -values smaller than
he FDR corrected p -values were considered as significant. 

.13. Behavioural data 

For each participant and experiment, we calculated the mean ac-
uracy (percentage of correct responses) and the mean RT for the de-
ection of the colour change of the fixation cross. As control analyses,
wo separate ANOVAs (IBM SPSS Statistics V21.0.0) were run using as
ependent measures of accuracy and RT for each experiment (FO, EM,
D). For both EM and ID experiments, the ANOVAs included Condition
upright and inverted) as within-participants factors and Group (CD and
C) as between-participants factor. 

. Results 

.1. Experiment 1 (Face-Object categorization, FO) 

.1.1. Behavioural results 

Two separate one way ANOVAs with Group (CD and HC) as between-
articipants factor revealed that CD and HC groups did not differ in the
ean accuracy or in mean detection times (mean accuracy: all p -values
 0.1; CD group = 97.9%, SD = 0.03%; HC group = 99.6%, SD = 0.01%;
ean RTs: all p -values > 0.3; CD = 416 ms, SD = 59 ms; HC = 396 ms,

D = 45 ms). 
.1.2. Face-selective response 

As expected, based on previous studies, the face-selective response
ppeared predominantly in the right hemisphere in HC (mean ampli-
udes: left hemisphere = 3.1 μV; SE = 0.42; right hemisphere = 3.6 μV;
E = 0.44). In contrast, the face-selective response was more pronounced
n the left hemisphere in the CD group (left hemisphere = 3.5 μV,
E = 0.55; right hemisphere = 2.9 μV, SE = 0.28; see Fig. 2 ). This
bservation was confirmed by an ANOVA with Hemisphere (left and
ight) as within-participants factors and Group (CD and HC) as between-
articipants factor, showing a significant interaction between the two
actors (F(1,22) = 4.4, p < 0.05, 𝜂p 

2 = 0.17). Despite the significant
nteraction, post-hoc pairwise comparisons did not reveal a greater re-
ponse in the left hemisphere for the CD group than in the HC group,
nd no greater response in the right hemisphere for the HC group com-
ared to the CD group (all p values > 0.1, corrected). Moreover, post-hoc
airwise comparisons did not reveal a greater response in the left hemi-
phere vs. the right hemisphere for the CD group, nor a greater response
n the right hemisphere as compared to the left hemisphere for the HC
roup (all p values > 0.1, corrected; LI was below the |0.2| threshold for
oth the CD and the HC group). No between group differences emerged
t the vertex (see methods section; all p-values > 0.8). 

.2. Experiment 2 (Emotional facial expressions discrimination, EM) 

.2.1. Behavioural results 

The ANOVAs with Condition (upright and inverted) as a within-
articipants factor and Group (CD, HC) as between-participants factor
id not reveal an effect of Group, neither for accuracy (all p -values >
.08; CD = 96.2%, SD = 6.3%; HC = 97.8%, SD = 2.9%;) nor for mean
etection times (all p -values > 0.1; mean RT: CD = 431 ms, SD = 60 ms;
C = 419 ms, SD = 46 ms). 

.2.2. Response to facial expression change 

In HC, the facial expression response appeared as bilateral over pos-
erior electrodes (left hemisphere = 0.8 μV, SE = 0.24; right hemi-
phere = 0.8 μV, SE = 0.13), whereas it appeared as being predominantly
nvolving the left hemisphere in the CD group (left hemisphere = 1.1 μV,
E = 0.18; right hemisphere = 0.8 μV, SE = 0.05; see Fig. 3 ). The
ixed-design ANOVA with Condition (upright and inverted) and Hemi-

phere (left and right) as within-participants factors, and Group (CD
nd HC) did not reveal significant effects for Hemisphere and Group
nteraction or the Hemisphere, Condition and Group interaction (all p
alues > 0.1; see Fig. 3 ). However, planned pairwise comparisons re-
ealed that the HC group had a bilateral response for both upright and
nverted conditions (left vs. right hemisphere comparison for upright:
(1,22) = 0.14, p > 0.7, 𝜂p 

2 = 0.01, corrected; inverted: F(1,22) = 0.56, p
 0.4, 𝜂p 

2 = 0.02, corrected) while a tendency toward a stronger involve-
ent of the left hemisphere was found in the CD group selectively for

he upright conditions (left vs. right hemisphere comparison for upright:
(1,22) = 3.5, p = 0.07, 𝜂p 

2 = 0.14, corrected; inverted: F(1,22) = 0.11, p
 0.7, 𝜂p 

2 = 0.01, corrected; see Fig. 3 C; LI was below the |0.2| threshold
or both CD and HC groups). Finally, no significant interaction between
he factors Condition and Group emerged at the vertex (all p-values >
.7). 

.3. Experiment 3 (Individual face discrimination, ID) 

.3.1. Behavioural results 

A mixed-design ANOVA with Condition (Upright and Inverted)
s within-participants factor and Group (CD, and HC) as between-
articipants factor did not indicate any significant main effect or inter-
ctions involving the factor Group for accuracy or RT measures (mean
ccuracy: all p -values > 0.08; CD = 97.3%, SD = 4.1%; HC = 96.4%,
D = 3.8%; mean RT: all p -values > 0.2; CD = 437 ms, SD = 51 ms;
C = 426 ms, SD = 53 ms). 
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Fig. 2. Experiment 1 (Face-Object Categorization): CD, congenitally deaf group; HC, hearing control group. (A) Grand-averaged SNR spectra across posterior elec- 

trodes in the left and in the right hemisphere. (B) Topographical maps (from back and top views) of the grand-averaged summed oddball response (baseline-subtracted 

amplitudes). (C) Upper panel: the bar plot shows the response measured at left and right hemispheres at the posterior electrodes for the summed oddball response 

to face stimuli for both groups. Bottom panel: the bar plot displays the response measured in each group at the vertex. Error bars represent standard errors of the 

mean. The statistically significant interaction is marked with “∗ ” ( p < 0.05). 

Fig. 3. Experiment 2 (Emotional Facial Expression Discrimination): response to changes across facial expressions (from neutral to either fear, happiness, or disgust). 

CD, congenitally deaf group; HC, hearing control group. (A) Grand-averaged SNR spectra averaged across emotional facial-expressions (disgust, fear, and happiness), 

in the upright condition for across posterior electrodes in the left and in the right hemisphere. (B) Topographical maps (from back and top views) of the grand- 

averaged summed oddball response (baseline-subtracted amplitudes), averaged across emotional facial-expressions, in the Upright condition for both groups. (C) 

Upper panel: The bar plot shows the response measured across posterior electrodes in the left and right hemispheres of the grand-averaged summed oddball response 

mean amplitudes, averaged across emotional facial-expressions, in the Upright condition for the two groups. Bottom panel: displays the grand-averaged summed 

oddball response mean amplitudes measured at the vertex for each Group as a function of Condition (Upright and Inverted). Error bars represent standard errors of 

the mean. The tendency towards a significant post-hoc comparison is marked with “m ”. 
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.3.2. Identity discrimination response 

The scalp topographies indicated a slight increase in amplitude
ver the right compared to the left hemisphere for HC (left hemi-
phere = 0.87 μV, SE = 0.20; right hemisphere = 1.04 μV, SE = 0.16) this
as also found in the CD group (left hemisphere = 1.07 μV, SE = 0.13;

ight hemisphere = 1.13 μV, SE = 0.11; see Fig. 4 ). The mixed ANOVA
ith Condition (upright and inverted), Hemisphere (left and right)
s within-participants factors, and Group (CD and HC) as between-
articipants factor did not reveal significant pre-selected interactions
nvolving the factors Hemisphere and Group (all p > 0.4; see Fig. 4 ).
lanned pairwise comparisons revealed that for both the HC group (HC
eft vs. right hemisphere, upright: F(1,22) = 1.4, p > 0.2, 𝜂p 

2 = 0.06,
orrected; inverted: F(1,22) = 3.9, p > 0.05, 𝜂p 
2 = 0.15; corrected) and

he CD group (CD left vs. right hemisphere, upright: F(1,22) = 0.2, p >
.6, 𝜂p 

2 = 0.01, corrected, inverted: F(1,22) = 2.2, p > 0.1, 𝜂p 
2 = 0.09,

orrected) the response in the left and right hemispheres did not differ
see Fig. 4 C upper panel; LI was below the |0.2| threshold for both CD
nd HC groups). However, a significant interaction between the factors
ondition and Group emerged at the vertex (F(1,22) = 4.7, p < 0.05,

p 
2 = 0.17). Post-hoc pairwise comparisons showed that both groups

ad a greater response for the upright as compared to inverted Condition
 p values < 0.001, corrected). Moreover, post-hoc pairwise comparisons
id not reveal a between group effect for either the Upright or for the
nverted Condition (all p values > 0.1, corrected). Thus, the CD group
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Fig. 4. Experiment 3 (Individual Face Discrimination): response to face identity change. (A) Grand-averaged SNR spectra for the central electrode FCz in the upright 

condition. (B) Topographical maps (from back and top views) of the grand-averaged data show the summed oddball response (baseline-subtracted amplitudes) to a 

face identity change, in the Upright condition. (C) The bar plot shows the grand-averaged summed oddball response associated to face identity change, (upper panel) 

at posterior electrodes for left and right hemispheres (in the Upright condition), and (Bottom panel) at the central cluster of electrodes for Upright and Inverted 

conditions in congenitally deaf (CD) and hearing (HC) participants. Error bars represent standard errors of the mean. Statistically significant interaction involving 

the Group factor is marked with “∗ ” ( p < 0.05). 
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Fig. 5. Source analysis performed in the time domain for the Face-Object Cat- 

egorization experiment. Activity is shown in response to face stimuli. (A) From 

top to bottom: the time course of the activity measured for each group at left 

and right Auditory ROIs. Grey dashed boxes represent the time-window of in- 

terest (210–260 ms). (B) Source activities averaged within the 210–260 ms time 

window for CD group (top) and HC group (bottom). Source activities are rep- 

resented as absolute values and in arbitrary units based on the normalization 

within the dSPM algorithm. The colour bar indicates the magnitude of activa- 

tion. No between-group differences emerged. 

c  

r

3

 

d  

g  
isplayed a greater difference between the response to the upright and
he inverted conditions (CD: mean upright minus inverted = 0.61 μV,
E = 0.09) compared to the HC group (HC: upright minus inverted:
ean = 0.35 μV, SE = 0.08; see Fig. 4 C lower panel). 

.3.3. Base frequency 

As complementary analyses, a series of ANOVAs with Hemisphere
left and right) and, if appropriate, Condition (Upright and Inverted, for
he EM and the ID experiment) as within-participant factors and Group
CD and HC) as between-participant factor were run for each experi-
ent for the responses measured at the base frequency. No significant

nteractions involving the factor group emerged (all p -values > 0.2). The
ame analyses performed at the vertex found no significant difference
etween group (all p-values > 0.3). 

.3.4. Source estimates for FO and ID experiments at auditory ROIs 

For each experiment, direct between group comparisons were per-
ormed with running t-tests between source activations measured in
he Auditory ROI of each hemisphere (significant effects were FDR cor-
ected). Comparisons were performed within a 50 ms time-window com-
rising local maxima of both groups (time windows: FO: 210–260 ms;
D: 310–360 ms; see Method section; for within group comparisons see
upplementary Material). Source estimates of the two groups were com-
ared for the response to faces in the FO experiment and for the response
o different face identities in the ID experiment. The analyses aimed at
ssessing whether a greater response at the pre-defined Auditory ROIs
as found in the CD group as compared to the HC group. 

.3.5. Experiment 1 (Face-Object categorization, FO) 

No significant differences emerged for the between group compari-
on performed on the sources estimated in the Auditory ROIs (see Fig. 5 ).

Experiment 3 (Individual Face Discrimination, ID) 
The between-group comparison of the estimated source activity in

he Auditory ROIs revealed that congenitally deaf individuals displayed
 greater activation to different face identities as compared to hearing
ontrols in the right hemisphere (time points with p < 0.05, FDR cor-
ected are highlighted in grey in Fig. 6 A). 

.4. Discussion 

The present study investigated the experience dependence of the
evelopment of three aspects of face processing: (i) Face-Object Cate-
orization (faces vs. objects of different categories; experiment 1), (ii)
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Fig. 6. Source analysis performed in the time domain for the Individual Face 

Discrimination experiment. Activity is shown in response to the change of face 

identity. (A) From top to bottom: the time course of the activity measured for 

each group at left and right Auditory ROIs. Grey dashed boxes represent the 

time-window of interest (340–390 ms). (B) Source activities averaged within 

the 50 ms time-window (340–390 ms) for the CD group (top) and the HC group 

(bottom). The grey box highlights the duration of significant group differences 

(FDR corrected). The CD group revealed a greater response to changes of face 

identity in the right Auditory ROI compared to the HC group. Source activities 

are represented as absolute values and as arbitrary units based on the normal- 

ization within the dSPM algorithm. The colour bar indicates the magnitude of 

activation. Statistically significant effects are marked with “∗ ” ( p < 0.05, cor- 

rected). 
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motional Facial Expression Discrimination (emotional faces vs. neutral
aces; experiment 2), and (iii) Individual Face Discrimination (different
s. same face identities; experiment 3). To this end, we recorded the EEG
n three experiments involving fast periodic visual stimulation (FPVS;
ossion, 2014b ; Rossion et al., 2015 ) in a group of congenitally deaf
igners (CD) and a group of matched hearing controls (HC). 

There is evidence that face processing has distinct neural correlates
n deaf signers compared to hearing controls ( McCullough et al., 2005 ;
enetti et al., 2017 ). However, a systematic assessment of the neural
orrelates of different aspects of face processing in the same individu-
ls has been lacking. Here, for each experiment, we compared the neu-
al response of the two groups at posterior lateral electrode locations,
hich have been demonstrated to best capture the responses associated

o face categorization, emotional facial expression and identity discrimi-
ation (see Liu-Shuang et al., 2014 ; Rossion, 2014b ; Rossion et al., 2015 ;
zhelyova et al., 2017 ). This approach allowed us to investigate the

unctional organization of different aspects of face processing within
he same subjects. Face categorization elicited a relatively stronger in-
olvement of the left hemisphere in the CD group than the HC group.
he same trend was observed for the EM experiment but not for the ID
xperiment. 

Changes in the relative hemispheric involvement of neural systems
uch as for motion processing ( Bavelier et al., 2001 ; Bosworth and
obkins, 2002 ; Brozinsky and Bavelier, 2004 ), visual spatial attention
 Neville and Lawson, 1987a ) and language processing ( Neville and
avelier, 1998 ) have previously been observed in congenitally deaf sign-
rs. For instance, in a visual spatial attention task, a left hemispheric
ominance was found in deaf individuals ( Neville and Lawson, 1987b ),
hich was only partially related to the usage of a sign language - hear-

ng native signers displayed the typical right hemispheric dominance
 Neville and Lawson, 1987a , 1987c ). In contrast, changes in visual field
ominance for motion processing have been found in both deaf and
earing signers, but not in hearing non-signers, suggesting a crucial
ole of sign languages for the development of the neural representa-
ions of visual motion ( Bosworth and Dobkins, 2002 ). Furthermore, in
n fMRI study, deaf signers did not display the typical hemispheric
ominance of left-hemisphere language regions (e.g., inferior frontal
yrus, posterior superior temporal gyrus) during a reading task, but a
ather bilateral response in the middle temporal and temporo-parietal
ortices ( Neville et al., 1998 ). However, more recent studies have sug-
ested that language proficiency might explain some of these results:
eaf individuals who were highly proficient users of both a sign lan-
uage and a written language have displayed a typical left hemispheric
ominance for reading ( MacSweeney et al., 2002 ; Skotara et al., 2012 ;
änel-Faulhaber et al. 2014 ). 

Changes in the responses measured in the two hemispheres for face
rocessing have been previously observed in congenitally deaf native
igners ( McCullough et al., 2005 ; Weisberg et al., 2012 ). In an fMRI
tudy, Weisberg et al. (2012) showed a reduced selectivity to faces rela-
ive to houses in deaf signers as compared to hearing non-signers in the
ight fusiform gyrus, whereas the two groups had a similar response in
he left fusiform gyrus. However, Benetti et al. (2017) did not report lat-
ralization differences between early deaf individuals and hearing con-
rol for face categorization (faces vs. houses). These inconsistent results
ight be accounted for the different deaf individuals who took part in

hese experiments. While in the first study ( Weisberg et al., 2012 ) con-
enitally deaf individuals were native users of a sign language, in the
tudy of Benetti et al. (2017) deaf participants had acquired a sign lan-
uage at different years of age. Our sample resembled the deaf partic-
pants of Weisberg et al. (2012) , and so did the observed shift towards
 greater involvement of the left hemisphere for face categorization.
hese results might indicate that a combination of native acquisition
f a sign language and congenital deafness results in a change of the
epresentation of face categorization. 

In the fMRI study of McCullough et al. (2005) brain activation in
esponse to emotional and linguistic facial expressions was assessed in
eaf native signers and hearing non-signers. The authors found that in
eaf signers, both tasks elicited a left-lateralized fusiform gyrus activa-
ion, whereas hearing non-signers displayed a bilateral activation. The
uthors speculated that this change in functional lateralization might
e due to the crucial role of facial movements in expressive sign lan-
uage ( McCullough et al., 2005 ). However, the finding that hearing
ative signers did not show a similarly alternated lateralization later
uestioned this interpretation ( Emmorey and McCullough, 2009 ). The
esults of both the FO and EM experiments from the present study sup-
ort an increased involvement of the left hemisphere for face process-
ng in congenitally deaf native signers. Given that we did not test a
roup of hearing individuals who started acquiring a sign language
rom birth, we are not able to disentangle the effects of deafness and
f early sign language acquisition on the neural representation of face
rocessing. Future research including hearing native signers should ad-
ress the specific impact of the analyses of linguistic facial expressions
ccurring in sign languages on the neural representation of face pro-
essing. Moreover, because we analysed neural responses at predefined
calp locations, we might have missed additional group differences, such
s enhanced amygdala responses which have been previously observed
 Weisberg et al., 2012 ). 

Studies on the role of literacy in shaping the functional organiza-
ion of the brain have provided evidence that learning to read has an
mpact on the neural organization of other parts of the visual system
han only those typically associated with reading ( Dehaene et al., 2015 ).
pecifically, while the right hemispheric lateralization for face catego-
ization emerges in infancy well before reading acquisition ( de Heer-
ng and Rossion, 2015 ), competition with the processing of written
ext when children start to read seems to further contribute to the
ight hemisphere specialization for face processing ( Dehaene et al.,
010 ). The neural competition hypothesis was supported by the ob-
ervation that in children, high reading proficiency was accompanied
y a stronger right lateralization of face categorization ( Dundas et al.,
015 ; Lochy et al., 2019 ). A recent EEG study tested deaf individu-
ls and hearing controls, who were matched in their reading abilities
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 Emmorey et al., 2017 ). Interestingly, higher reading skills were as-
ociated with a stronger left hemispheric activity in hearing individu-
ls but with a stronger right hemispheric activity in deaf individuals.
he authors interpreted these findings as supporting the phonological
apping hypothesis, which proposes that left hemispheric processing of
ord-form predominantly emerges to link orthography and phonology,

hat is visual word form areas (VWFA) and auditory language regions
 McCandliss and Noble, 2003 ). In sum, these results might suggest that
he lack of speech input changes the cerebral organization with regard
o reading and in turn alters the lateralization of the face processing
ystem in congenitally deaf individuals. However, not all results have
een in consistence with this view. No differences in the VWFA activa-
ion have been found in response to written text in congenitally deaf
igners and hearing controls, suggesting that in deaf individuals the
eural correlates of reading are not necessarily altered ( Waters et al.,
007 ; Emmorey et al., 2013 ; Wang et al., 2015 ). Moreover, it is note-
orthy that the hemispheric specialization for face categorization does
ot follow a linear development ( Lochy et al., 2019 ). From being right
ateralized in newborns ( de Heering and Rossion 2015 ), it seems to en-
ounter a bilateral phase in 5-year old children ( Lochy et al., 2019 ; but
ee Cantlon et al., 2011 ) before resulting in the adult-like right hemi-
pheric dominance. The associated developmental trajectory as well as
he impact of literacy need yet to be further investigated in deaf indi-
iduals. 

The Individual Face Discrimination experiment revealed other group
ifferences between the CD and the HC group than the Face Object cate-
orization and Emotional Facial Expression Discrimination experiments.
o differences were found between groups in the hemispheric responses.
 previous behavioural study ( Letourneau and Mitchell, 2013 ) showed
 left visual field (LVF) bias for both an emotional facial-expressions
udgement and a face identity classification task in hearing individu-
ls. By contrast, deaf signers showed an RVF bias for the judgments of
motional facial-expressions, but the typical LVF bias for face Identity
udgments. The present study possibly provides the neural correlates
or these behavioural group differences. The lack of group differences
n the lateralization for face identity processing of the present study sug-
ests either less experience dependence or no dependence on auditory
nput or speech. Facial cues play a dominant role in person recogni-
ion ( Sheehan and Nachman, 2014 ). In fact, not all patients with lesions
n the right ventral cortex have additional difficulties recognizing oth-
rs from their voices ( Gainotti and Marra, 2011 ); some patients with
rosopagnosia have been found to even outperform healthy controls in
oice recognition tasks ( Hoover et al., 2010 ). 

However, Individual Face Discrimination selectively yielded re-
ponses compatible with crossmodal plasticity in the right auditory cor-
ex of CD individuals. This result is in accordance with findings of right
uditory cortex activation in deaf individuals in response to visual stim-
li ( Finney et al., 2001 ; Sandmann et al., 2012 ). Furthermore, it is in line
ith the results of a recent fMRI adaptation study, in which a group of

arly deaf individuals showed a higher selectivity for face individuation
n the right temporal voice area (TVA; Belin and Zatorre, 2003 ) com-
ared to hearing controls ( Benetti et al., 2017 ). However, in the present
tudy the Auditory ROI was defined by combining three areas to include
rodmann areas 41 and 42 ( Finney et al., 2003 ; Sandmann et al., 2012 ;
ardin et al., 2013 ; Bottari et al., 2014 ; Stropahl et al., 2015 ), which
re located less laterally and ventrally with respect to the right temporal
oice area (TVA). Finally, it is noteworthy that the time-course of source
stimates of the present study depends on the paradigm used, which
omprised (i) periodic stimulations and (ii) periodic contrast changes
rather than abrupt onsets). Thus, the time-course of source estimates
annot be directly compared to other studies with different stimulation
ethods (see Rossion et al., 2015 for a discussion on this aspect). 

In sum, our results suggest that different aspects of the neural sys-
ems associated with face processing show specific experience depen-
ent functional organizations - they adapt partially in different ways
o altered experience. These adaptations comprise intramodal plastic-
ty (changes in the hemispheric involvement of the visual cortex) or
rossmodal plasticity (stronger activation of what is typically auditory
ortex). 
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