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Abstract

To date, the extent to which early experience shapes the functional character-

istics of neural circuits is still a matter of debate. In the present study, we

tested whether congenital deafness and/or the acquisition of a sign language

alter the temporal processing characteristics of the visual system. Moreover,

we investigated whether, assuming cross-modal plasticity in deaf individuals,

the temporal processing characteristics of possibly reorganised auditory areas

resemble those of the visual cortex. Steady-state visual evoked potentials

(SSVEPs) were recorded in congenitally deaf native signers, hearing native

signers, and hearing nonsigners. The luminance of the visual stimuli was peri-

odically modulated at 12, 21, and 40 Hz. For hearing nonsigners, the optimal

driving rate was 12 Hz. By contrast, for the group of hearing signers, the opti-

mal driving rate was 12 and 21 Hz, whereas for the group of deaf signers, the

optimal driving rate was 21 Hz. We did not observe evidence for cross-modal

recruitment of auditory cortex in the group of deaf signers. These results sug-

gest a higher preferred neural processing rate as a consequence of the acquisi-

tion of a sign language.
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1 | INTRODUCTION

Sensory-deprived individuals provide a unique opportu-
nity to study to what extent the structural and functional
organisation of the brain is dependent on environmental
input (see Merabet & Pascual-Leone, 2010, for a review).
Research in deaf individuals has documented extensive
evidence for behavioural compensation and neural plas-
ticity in the visual domain. For example, compared with
hearing individuals, deaf individuals have been shown to
be faster at detecting visual targets (Bottari et al., 2010,
2011; Codina et al., 2017; Hong Loke & Song, 1991),
faster at detecting the direction of moving visual stimuli
(Neville & Lawson, 1987), and better at reorienting
attention in peripheral visual space (Bosworth &
Dobkins, 2002a; Parasnis & Samar, 1985). Enhanced
visual abilities in deaf individuals have been linked to
intramodal plasticity, that is, plasticity within visual
brain areas (Bottari et al., 2011; Smittenaar et al., 2016),
and cross-modal plasticity, that is, a reorganisation of the
deprived auditory cortices to process visual input
(Lomber et al., 2010; Scott et al., 2014; see Alencar
et al., 2019, and Cardin et al., 2020, for a review).

However, not all aspects of vision are changed follow-
ing congenital deafness (Bavelier et al., 2006). Overall
sensitivity for low-level visual aspects have been shown
to be comparable in deaf and hearing individuals, includ-
ing brightness discrimination (Bosworth et al., 2013;
Bross, 1979), different aspects of contrast sensitivity
(Finney & Dobkins, 2001), and direction and velocity of
motion thresholds (Bosworth & Dobkins, 1999, 2002b;
Brozinsky & Bavelier, 2004). Moreover, studies that have
compared the visual temporal resolution of deaf and
hearing individuals by means of critical flicker fusion
(Bross & Sauerwein, 1980; Poizner & Tallal, 1987) or tem-
poral order judgement paradigms (Nava et al., 2008;
Poizner & Tallal, 1987) did not find differences between
the groups. These findings are surprising in the light of
studies showing that in hearing individuals one week of
auditory deprivation is sufficient to improve the temporal
resolution of the visual system (Bross & Zubek, 1975).
However, the studies that reported null effects in deaf
individuals used small sample sizes, thus possibly lacking
power. In addition, the study by Nava et al. (2008)
included deaf subjects with heterogeneous backgrounds
in terms of aetiology and the age at onset of deafness. In
contrast to congenitally deaf individuals, people with
acquired deafness are more likely to have suffered neuro-
logical trauma or experienced a comorbid disorder
(Dye & Bavelier, 2013). Such confounds might have
masked the effects of auditory deprivation on visual func-
tioning. Moreover, decision-criterion effects, which affect
processing stages following early sensory encoding, could

have influenced the measurement of the critical flicker
fusion thresholds (Clark et al., 1967) in the studies by
Bross and Sauerwein (1980) and by Poizner and
Tallal (1987). Such response biases may have masked dif-
ferences between groups which are related to earlier
processing stages.

Visual processing changes in deaf individuals not only
seem to be the result of different sensory experiences but
may additionally be linked to altered language experi-
ences. Deaf individuals rely on visual communication
strategies such as speech reading and sign language, and
it has been shown that the habitual use of a sign lan-
guage can lead to changes in the processing of visual
information. Indeed, the reaction time advantage for
peripheral stimuli previously reported for deaf individ-
uals (Bottari et al., 2010, 2011; Hong Loke & Song, 1991;
Neville & Lawson, 1987) seems to extend to hearing sign
language interpreters (Codina et al., 2017), thus
suggesting that these visual processing advantages might
be the result of the habitual use of a sign language rather
than of deafness.

Overall, it seems that deafness and the habitual use of
a sign language lead to reaction time advantages in visual
processing, rather than to enhanced visual sensitivity.
What the underlying neural mechanisms for these reac-
tion time advantages are and at which processing stage
they emerge remains to be determined. It could be hypo-
thesised that the reaction time advantages observed in
deaf and hearing signers are due to changes in the tempo-
ral processing characteristics of the brain systems
supporting visual processing. To directly assess the tem-
poral processing characteristics for visual information in
deaf and hearing adults, the present study recorded the
electroencephalogram (EEG) during fast periodic visual
stimulation (FPVS). A periodic visual stimulus typically
leads to a periodic neural response, also known as
the steady-state visual evoked potential (SSVEP;
Regan, 1966), expressed in the EEG frequency spectrum
as an amplitude increase at the stimulation frequency.
This paradigm has the advantage that it does not require
an overt response to measure temporal neural processing
capacities and thus does not involve decision criteria
related processes.

It has been shown that the magnitude of SSVEPs is
markedly greater for particular stimulation frequencies
than for others and that the optimal stimulation fre-
quency differs between the different sensory systems.
While the primary visual cortex shows the highest
SSVEPs for presentation rates between 9 and 18 Hz
(Ku�s et al., 2013; Nakanishi et al., 2014; Pastor
et al., 2003; Regan, 1966, 1975), the primary auditory cor-
tex maximally responds to auditory periodic stimulation
around 40 Hz (Galambos, 1982; Stapells et al., 1984), and

2 STROH ET AL.



the somatosensory cortex to tactile periodic stimulation
between 20 and 27 Hz (Tobimatsu et al., 1999). It has
been suggested that individuals with higher optimal stim-
ulation frequencies have better temporal resolution in
perception (Baltus & Herrmann, 2016). Evidence for this
notion is provided by findings that individuals with
higher optimal stimulation frequencies have lower gap
detection thresholds for auditory stimuli than people
with lower optimal stimulation frequencies (Baltus &
Herrmann, 2015). Thus, the temporal frequency tuning
function of the neural system can be interpreted as a tem-
poral filter characteristic and can provide information
about its temporal resolution.

The aim of the present study was to assess whether
deafness and/or the acquisition of a sign language leads to
changes in the temporal processing characteristics of the
neural systems supporting visual processing. To this end,
we used a fast periodic visual stimulation (FPVS) paradigm
to record SSVEPs from congenitally deaf native signers,
hearing native signers, and from hearing nonsigners as
controls. In different runs, the luminance of the visual
stimuli was periodically modulated at 12, 21, and 40 Hz.
These frequencies were selected to approximately match
the optimal stimulation frequencies of the primary visual,
somatosensory, and auditory system, respectively. Thus,
the different stimulation frequencies allowed us to assess
whether the sensory cortices in question show the highest
SSVEPs in response to their typical driving frequencies, in
response to frequencies typical for the other input modali-
ties, and/or at an intermediate frequency. By testing deaf
and hearing native signers, as well as hearing nonsigners,
we were able to assess whether possible group effects were
driven by deafness, the acquisition of a sign language or by
an interaction of the two.

Therefore, this design allowed us to test for both
intramodal and cross-modal mechanisms that could con-
tribute to the visual processing advantages that have pre-
viously been observed in deaf individuals. Intramodal
plasticity would show up in a change of the optimal stim-
ulation frequency for FPVS in visual areas. We hypo-
thesised that both deafness and the acquisition of a sign
language would lead to higher optimal stimulation fre-
quencies for FPVS in early visual areas. In addition, we
tested whether, assuming cross-modal plasticity in deaf

individuals, the auditory cortex of deaf individuals
develops to have similar temporal processing characteris-
tics as the visual cortex, or if the temporal processing
characteristics of the deprived auditory cortex resemble
those of hearing individuals. The former outcome would
suggest that the temporal processing characteristics of
sensory areas are experience-dependent, while the latter
outcome would suggest experience-independent temporal
processing characteristics of sensory areas. In this latter
case, we expected to observe a cross-modal recruitment
of auditory cortex by FPVS for the group of deaf signers,
but not for either of the hearing groups, with the highest
SSVEP amplitudes in response to 40-Hz stimulation.

2 | MATERIALS AND METHODS

2.1 | Participants

Twenty-seven congenitally deaf native signers, 19 hearing
native signers, and 36 hearing nonsigners participated in
the experiment. The data from four deaf native signers
and three hearing signers had to be excluded due to tech-
nical difficulties with the stimulation device. All the deaf
signers were congenitally deaf and reported severe hear-
ing loss (>85 dB in the better ear), were born to deaf par-
ents and acquired a sign language as their primary and
first language. All but one deaf signer (for this participant
this information is missing) indicated their sign language
skill to be 7 on a scale of 1–7 (1 = not very good at all,
7 = excellent), and all deaf signers communicated with
the researchers in German Sign Language (Deutsche
Gebärdensprache: DGS). All the hearing signers were
born to deaf parents and acquired a sign language as
their first language. Most of the hearing signers indicated
their level of sign language proficiency to be 7 (median,
interquartile range [IQR] = 1.25, range = 2–7). From the
total set of 36 hearing, nonsigning controls 23 were
selected to match the group of deaf signers in age, gen-
der, and handedness, and 16 to match the group of hear-
ing signers (eight hearing nonsigners were included in
both groups of hearing controls).

The demographic data of all four groups are shown in
Table 1. All the deaf signers and all the hearing controls

TAB L E 1 Demographic characteristics of the participants

Group n total Age (s.e.m.) n females n males

Deaf signers (DS) 23 28.1 (5.9) 14 9

Hearing nonsigners (HNDS—controls for deaf signers) 23 27.5 (5.5) 14 9

Hearing signers (HS) 16 31.7 (9.2) 14 2

Hearing nonsigners (HNHS—controls for hearing signers) 16 30.8 (9.4) 14 2
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for the deaf signers were right-handed. In each of the
groups of hearing signers and their matched controls,
14 participants were right-handed, one participant was
ambidextrous, and one participant was left-handed.

All participants had normal or corrected to normal
vision and none reported any history of psychiatric or
neurological disorders. They gave written informed con-
sent and received monetary compensation or course
credit for taking part in the study. All procedures
followed the standards set by the Declaration of Helsinki
and were approved by the local ethics committee of the
University of Hamburg.

2.2 | Stimuli

The stimuli were generated using the PsychToolbox exten-
sions (Brainard, 1997) running under Matlab 2009 (The
MathWorks, USA). The visual stimuli were presented
using an Asus LCD VG248 computer monitor (refresh
rate: 120 Hz), which was mounted in parallel to the table-
top. A mirror mounted below the screen in a 22.5� angle
reflected the display. The stimulus was a white circle (2.2�

or 2.8 cm) displayed on a grey background. The circle was
presented either at the centre of the screen or in the left or
right hemifield at 14.8� (or 19.26 cm) eccentric to fixation
(from the centre of the circle). The luminance of the circle
was modulated sinusoidally at 12, 21, or 40 Hz and oscil-
lated between intensities of 0.3 (dark grey) and 1 (white).
Thus, nine different conditions were presented, each
repeated seven times, resulting in a total of 63 trials. The
order of the presentation was fully randomised. Each stim-
ulus stream lasted 34 s.

2.3 | Procedure

Participants were seated comfortably in a quiet, darkened
room. An adjustable chinrest enabled a fixed effective
viewing distance of approximately 74 cm and alignment
of the participant’s eyes with the central fixation cross.
Before the main experiment, a short practice block con-
sisting of six short trials (duration = 5 s) ensured that
participants had understood and were comfortable with
the task. Experimenters monitored participants’ perfor-
mance during the practice block, answering questions
and offering clarification when necessary. The practice
trials were not included in the data analysis. The experi-
ment consisted of nine blocks of seven trials each.

During recording, participants were instructed to
adapt a relaxed sitting position, to avoid any head or body
movements, and to keep their eyes on the fixation cross.
Each trial began with 3 seconds of fixation, followed by

the presentation of the visual stimulus. During each trial,
participants were asked to detect changes in the colour of
the circle from white to red for five frames. These colour
changes were inserted at a random position in nine trials.
These trials were excluded from the analysis. At the end
of each stimulus, a screen appeared with the question of
whether a colour change had been detected or not. Par-
ticipants responded with their eyes by fixating on either
‘yes’ (German: ‘Ja’) presented 10.8� (or 14 cm) to the left
of fixation or ‘no’ (German: ‘Nein’) presented 10.8�

(or 14 cm) to the right of fixation. We chose this form of
response because all of the participants additionally com-
pleted an experiment with tactile stimulation (not
reported here) where a manual response was not possi-
ble. No performance feedback was given. The change
detection task ensured that participants maintained
attention on the stimulus during recording. After each
block, participants were asked whether they wanted to
take a break or continue with the experiment.

To ensure central fixation during stimulus presenta-
tion we monitored participants’ eye movement with an
EyeLink 1000 eye tracker (SR Research, Kanata, Ontario,
Canada), which were sampled at 1000 Hz. Trials during
which participants failed to maintain central fixation
were excluded from the EEG data analysis. This led to
the exclusion of 2.8% of the trials for the group of deaf
signers and 5.8% of the trials for their matched controls.
For the group of hearing signers, 5.8% of the trials were
excluded and 4.9% of the trials for their matched controls.
The number of excluded trials did not significantly differ
between the groups (all ps > 0.199).

2.4 | EEG acquisition

EEG data were acquired with 74 sintered Ag-AgCl elec-
trodes mounted into an elastic cap (EASYCAP GmbH,
Herrsching, Germany). Electrodes were arranged
according to the standard 10–10 system and connected to
a BrainAmp DC Amplifier (Brain Products GmbH,
Gilching, Germany; http://www.brainproducts.com).
Electrode impedances were kept below 20 kΩ. EEG data
were recorded referenced to the left earlobe at a sampling
rate of 1 kHz. A 0.016- to 250-Hz hardware bandpass fil-
ter was used during the recording.

2.5 | Analysis

2.5.1 | Behavioural data

We analysed accuracy using generalised linear mixed
models (GLMMs) with a binomial link function
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(Jaeger, 2008). As fixed effects, we entered group, fre-
quency, visual hemifield, and their interaction terms into
the model. As random effects, we included intercepts for
subjects. Significance of fixed effects was assessed with
likelihood ratio tests comparing the model with the maxi-
mal fixed effects structure and a model that excluded the
fixed effect of interest. These comparisons were calcu-
lated using the afex package (Singmann et al., 2018) and
employed Type III sums of squares and sum-to zero con-
trasts. Fixed effects were considered significant at
p < 0.05. Post-hoc comparisons of significant interactions
were conducted using approximate z-tests on the esti-
mated marginal means (Lenth, 2018). The resulting p-
values were corrected for multiple comparisons following
the procedure proposed by Holm (1979).

2.5.2 | EEG data

The analyses were performed using Letswave 6, an open-
source toolbox (http://nocions.webnode.com/letswave)
running over MATLAB R2017b (MathWorks, USA). Con-
tinuous EEG recordings were filtered using a fourth-
order zero-phase Butterworth band-pass filter, with cutoff
values of 0.05–120 Hz. Data were downsampled to
250 Hz and then segmented into epochs of 36 s, including
2 s before and after each trial. To remove blink artefacts,
independent component analysis (ICA) was applied to
data of participants who blinked more than 0.2 times/s
on average during the epochs. Channels that were
artefact-prone across more than five trials (less than one
channel on average per subject) were linearly interpo-
lated using three neighbouring electrodes. All EEG chan-
nels were referenced to the common average of scalp
electrodes.

Each epoch was re-segmented from +2 to +32 s rela-
tive to the onset of the stimulus train to obtain 30-s-long
epochs. The first 2 s of each trial were excluded to avoid
any contamination by the initial transient responses
evoked by the onset of the stimulation. For each subject

and condition, epochs were averaged across trials in the
time domain to cancel out EEG signals that were non-
phase locked to the stimulus. The data were then trans-
formed into the frequency domain using a discrete Fou-
rier transform, resulting in a frequency spectrum ranging
from 0 to 250 Hz with a resolution of approximately
0.03 Hz (1/30 s). Because noise levels vary across the
spectrum of EEG data (usually being higher at lower fre-
quencies and higher in certain frequency bands, such as
the alpha band), a local baseline-subtraction was applied.
The baseline, as defined by the average amplitude of the
20 frequency bins surrounding each frequency bin
(Rossion & Boremanse, 2011; Srinivasan et al., 1999)
(excluding the immediately adjacent bins and the local
maximum and minimum amplitude bins of the sur-
rounding frequency bins), was subtracted from each
frequency bin.

In a first step, a region of interest (ROI) analysis was
performed for each viewing condition (central
vs. peripheral) on the baseline-subtracted amplitudes of
the first harmonic (stimulation frequency) to assess
whether the optimal stimulation frequency differed as a
function of group. The ROIs were defined separately for
each of the three stimulation conditions (left, central,
right). For central stimulation, a parieto-occipital ROI
was defined that comprised channels Oz, Iz, O1, O2, O9,
O10, POz, PO3, PO4, PO7, and PO8 (see Figure 1a, based
on the visual ROI defined by Porcu et al., 2013). For
peripheral stimulation, a left and a right parieto-occipital
ROI were defined. The left parieto-occipital ROI com-
prised channels O1, PO3, PO7, P1, P3, P5, and P7 (see
Figure 1b). The right parieto-occipital ROI comprised
channels O2, PO4, PO8, P2, P4, P6, and P8 (see
Figure 1c). Baseline-subtracted values at individual chan-
nels were averaged within the ROIs for statistical com-
parisons. Subsequently, we normalised the obtained
amplitudes of each participant with the following for-
mula: NA = (A + 1)/ (MA + 1), where NA is the
normalised amplitude, A is the amplitude for a specific
condition (frequency, site of stimulation [peripheral or

F I GURE 1 Electrode

montage. Electrode clusters used

in the analyses are marked

in bold
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central]), and MA is the mean amplitude over all the
stimulation frequencies for a specific site of stimulation
(Porcu et al., 2013). This normalisation procedure
removed inter-individual variance in absolute amplitude
while retaining the effect of frequency. For group-level
display, the grand-averaged amplitude spectra were com-
puted for each channel.

Additionally, we analysed the sum across all signifi-
cant harmonics (Retter et al., 2021) to test whether possi-
ble group differences were specific to the first harmonic
(i.e., the stimulation frequency) or also present at integer
multiples of the stimulation frequency (i.e., higher har-
monics). The full details and results of this analysis can
be found in the Supporting Information.

Statistical comparisons between groups and condi-
tions were performed separately for central and periph-
eral stimulation. We used R (R Core Team, 2017) and
nlme (Pinheiro et al., 2020) to perform a linear mixed
effects analysis of the baseline-subtracted amplitude
within the given ROIs. For the analysis of the central
data, we entered group (deaf, hearing) and stimulation
frequency (12, 21, or 40 Hz), as well as their interaction
terms as fixed effects into the model. As random effects,
we included intercepts for subjects. For the analysis of
the peripheral data, we entered group (deaf, hearing),
stimulation frequency (12, 21, or 40 Hz), ROI (left, right),
and visual hemifield (left, right), as well as their interac-
tion terms as fixed effects into the model. As random
effects, we included intercepts for subjects. Fixed effects
were considered significant at p < 0.05. Post-hoc compar-
isons were conducted using approximate t-tests on the
estimated marginal means (Lenth, 2018). The resulting p-
values were corrected for multiple comparisons following
the procedure proposed by Holm (1979).

Assuming cross-modal plasticity in deaf individuals,
we expected to find differences in scalp distribution
between the groups of deaf signers and hearing non-
signers, that is, relatively higher amplitudes at frontal
electrodes. Thus, in a second step, we computed cluster-
based permutation tests (Maris & Oostenveld, 2007) to
assess whether the topography differed between the
groups for the different frequency and site of stimulation
combinations. To this end, we conducted two-tailed
independent t-tests comparing the amplitudes between
the groups in question for each frequency and site of
stimulation combination, at each channel. Clusters were
defined by grouping together spatially adjacent channels
that showed a t-test with p < 0.05. Then, a cluster-level
statistic was calculated by taking the sum of the t-
statistic for each channel within every cluster. The sig-
nificance probability of the clusters was calculated by
comparing each cluster-level statistic to values obtained
from 1000 samples of a permutation distribution

constructed from the comparison between two groups
that were generated by randomly reassigning the partici-
pants. The significance probability of the clusters was
computed using the (nonparametric) Monte Carlo
method. The Monte Carlo significance probability
(p value) was determined by calculating the proportion
of clusters from random partitions of the data that
resulted in a larger test statistic than the clusters on the
observed test statistic. A significance value of p < 0.025
was used to threshold the cluster statistic for all ana-
lyses. To control for Type 1 errors, a Bonferroni correc-
tion was applied for each pairwise comparison (n = 9),
and the level of significance was adjusted to 0.006
(0.05/9).

3 | RESULTS

3.1 | Behavioural data

3.1.1 | Deaf signers and hearing nonsigners

Deaf signers and their matched controls performed the
detection task with a median score of 0.97 proportion cor-
rect (deaf signers IQR = 0.048). The GLMM on accuracy
did not reveal any interaction or main effects including
the factor group.

3.1.2 | Hearing signers and hearing
nonsigners

Hearing signers performed the detection task with a
median score of 0.96 (IQR = 0.052) proportion correct
and their matched controls with a median score of 0.97
(IQR = 0.067) proportion correct. The GLMM on accu-
racy revealed no interaction or main effects including the
factor group.

3.2 | EEG data

3.2.1 | Intramodal plasticity—Region-of-
interest analyses

Central stimulation
Deaf signers and hearing nonsigners (matched controls).
The LMM on the baseline-subtracted amplitude revealed
a two-way interaction between group and frequency of
stimulation (F(2, 88) = 8.42, p < 0.001), suggesting that
the effect of stimulation frequency differed between the
two groups (see Figure 2). Indeed, post-hoc tests
established that the group of deaf signers showed the
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largest SSVEP amplitudes in response to stimulation at
21 Hz, whereas the group of hearing nonsigners showed
the largest SSVEP amplitudes in response to stimulation
at 12 Hz (see Table 2). In addition, we assessed whether
the response to the three stimulation frequencies differed
between the groups. At 12 Hz, the group of deaf signers

showed weaker responses than the group of hearing non-
signers (β = �0.115, se = 0.042, t = �2.772, p = 0.016).
At 21 Hz, the group of deaf signers showed stronger
responses than the group of hearing nonsigners
(β = 0.125, se = 0.042, t = 3.017, p = 0.013). At 40 Hz,
the responses did not differ between the two groups

F I GURE 2 Frequency-tuning function of the SSVEPs in response to luminance changes in the central visual field. (a) Topographical

distribution of the SSVEPs as a function of stimulation frequency and group. Amplitudes were baseline-subtracted. (b) Frequency-tuning

function over the parieto-occipital region of interest as a function of stimulation frequency and group. Amplitudes were baseline-subtracted

and normalised. Error bars indicate 95% confidence intervals. (c) EEG spectra as a function of stimulation frequency and group. Spectra

were extracted from the parieto-occipital region of interest. Clear responses were observed at the fundamental frequency of stimulation

(shaded in grey) and its harmonics. Amplitudes were baseline-subtracted and normalised. DS = deaf native signers, HNDS = hearing

nonsigners (controls for DS)

TAB L E 2 Results of post hoc tests comparing each of the stimulation frequencies within the groups of deaf signers (DS) and hearing

nonsigners (HNDS) for the parieto-occipital ROI

Contrast Group Estimate SE df t ratio p value

12–21 DS �0.115 0.042 88 �2.764 0.007

12–40 DS 0.274 0.042 88 6.595 <0.001

21–40 DS 0.388 0.042 88 9.359 <0.001

12–21 HNDS 0.126 0.042 88 3.025 0.007

12–40 HNDS 0.379 0.042 88 9.123 <0.001

21–40 HNDS 0.253 0.042 88 6.098 <0.001
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(β = �0.010, se = 0.042, t = �0.244, p = 0.808).
(See Table S2 for descriptive statistics of the data and
Table S3 for the full results of the LMM.)

The additional analysis of the summed harmonics
revealed that the frequency tuning function was indistin-
guishable for the groups of deaf signers and hearing non-
signers, that is, both groups showed the largest responses
at 12 Hz and the weakest responses at 40-Hz stimulation
(see Supporting Information for the full results of the
analysis). Thus, the group difference seems to be specific
to the first harmonic.

Hearing signers and hearing nonsigners (matched con-
trols). The LMM on the baseline-subtracted amplitude
revealed a main effect of frequency (F(2, 60) = 59.19,
p < 0.001). The two-way interaction between group and
frequency was not significant (F(2, 60) = 1.99, p = 0.145).
However, given that we had a priori hypothesis about the
effect of sign language use on the temporal processing
characteristics of the visual system, we conducted post-
hoc tests that assessed the effect of frequency within each
group. These tests showed that for the group of hearing
signers the SSVEP amplitudes for stimulation at 12 and
21 Hz were larger than for stimulation at 40 Hz (see
Table 3 and Figure 3). The SSVEP amplitudes for 12- and
21-Hz stimulation did not significantly differ in the group
of hearing signers. By contrast, the group of hearing non-
signers showed a clear maximum at 12-Hz stimulation,
that is, in hearing nonsigners the SSVEP amplitudes for
12-Hz stimulation were significantly larger than for 21-
or 40-Hz stimulation. In addition, we assessed whether
the response to the stimulation frequencies differed
between the groups. None of the comparisons were sig-
nificant. (See Table S7 for descriptive statistics of the data
and Table S8 for the full results of the LMM.) To explore
whether the lack of a significant group by frequency
interaction might be due to the relatively lower power
due to smaller group sizes, we compared the group of
hearing signers (n = 16) to all the hearing nonsigners
(n = 31) who participated in this study. Here, the two-

way interaction between group and frequency turned out
to be significant (F(2, 90) = 3.40, p = 0.038) and post-hoc
tests assessing the effect of frequency within each group
confirmed the results from the previous analysis
(see Supporting Information for the full results of this
analysis).

The additional analysis of the summed harmonics
revealed, irrespectively of whether a subgroup of or all
matched hearing nonsigners were included, that the fre-
quency tuning function was indistinguishable for the
groups of hearing signers and hearing nonsigners, that is,
both groups showed the largest responses at 12 Hz and
the weakest responses at 40-Hz stimulation (see
Supporting Information for the full results of the analy-
sis). Thus, the effect of group seems to be specific to the
first harmonic.

Deaf and hearing signers. The results from the previous
analyses suggested that the temporal frequency function
seems to be shifted towards higher frequencies in both
deaf and hearing signers. However, whereas deaf signers
showed a clear maximum for stimulation at 21 Hz, the
SSVEP amplitudes in hearing signers seemed to be indis-
tinguishable for stimulation at 12 and 21 Hz. These find-
ings suggest that deafness may additionally cause the
visual system to be shifted towards higher optimal fre-
quencies. To test this hypothesis, we compared the
groups of deaf and hearing signers. The LMM on the
baseline-subtracted amplitude revealed a main effect of
frequency (F(2, 74) = 62.60, p < 0.001). The interaction
between group and frequency was not significant (F
(2, 74) = 0.828, p = 0.441). Post-hoc test showed that for
the group of signers the SSVEP amplitudes for stimula-
tion at 12 and 21 Hz were larger than for stimulation at
40 Hz. Additionally, the SSVEP amplitudes for 21 Hz
were larger than for 12 Hz, although this was only a
trend (see Table 4). (See Table S20 for descriptive statis-
tics of the data and Table S21 for the full results of the
LMM.) These results suggest that the effects observed
between the groups of deaf and hearing signers and the

TAB L E 3 Results of post hoc tests comparing each of the stimulation frequencies within the groups of hearing signers (HS) and hearing

nonsigners (HNHS) for the parieto-occipital ROI

Contrast Group Estimate SE df t ratio p value

12–21 HS �0.023 0.050 60 �0.464 0.644

12–40 HS 0.325 0.050 60 6.524 <0.001

21–40 HS 0.348 0.050 60 6.988 <0.001

12–21 HNHS 0.117 0.050 60 2.339 0.045

12–40 HNHS 0.381 0.050 60 7.640 <0.001

21–40 HNHS 0.264 0.050 60 5.301 <0.001
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groups of hearing nonsigners were predominantly driven
by the acquisition of a sign language.

The additional analysis of the summed harmonics
revealed that the frequency tuning function was indistin-
guishable for the groups of deaf and hearing signers,
that is, both groups showed the largest responses at
12 Hz and the weakest responses at 40-Hz stimulation
(see Supporting Information for the full results of the
analysis).

TAB L E 4 Results of post hoc tests assessing the effect of

frequency within the parieto-occipital ROI

Contrast Estimate SE df t ratio p value

12–21 �0.069 0.036 74 �1.932 0.057

12–40 0.299 0.036 74 8.395 <0.001

21–40 0.368 0.036 74 10.328 <0.001

F I GURE 3 Frequency-tuning function of the SSVEPs in response to luminance changes in the central visual field. (a) Topographical

distribution of the SSVEPs as a function of stimulation frequency and group. Amplitudes were baseline-subtracted. (b) Frequency-tuning

function over the parieto-occipital region of interest as a function of stimulation frequency and group. Amplitudes were baseline-subtracted

and normalised. Error bars indicate 95% confidence intervals. (c) EEG spectra as a function of stimulation frequency and group. Spectra

were extracted from the parieto-occipital region of interest. Clear responses were observed at the fundamental frequency of stimulation

(shaded in grey) and its harmonics. Amplitudes were baseline-subtracted and normalised. HS = hearing native signers, HNHS = hearing

nonsigners (controls for HS)

Peripheral stimulation
Deaf signers and hearing nonsigners. The LMM on the
baseline-subtracted amplitude revealed an interaction
between frequency and group (F(2, 484) = 3.68,
p = 0.026). Post-hoc tests showed that for the group of
deaf signers the SSVEP amplitude for stimulation at
12 Hz was larger than for stimulation at 21 and 40 Hz
(see Table 5 and Figure 4). Moreover, the SSVEP ampli-
tude in response to 21-Hz stimulation was larger than for
stimulation at 40 Hz; however, this was only a trend.
Similarly, in hearing nonsigners, the SSVEP amplitudes
for 12-Hz stimulation were significantly larger than for
21- or 40-Hz stimulation. Moreover, for hearing non-
signers, the SSVEP amplitude for 21 Hz was significantly
larger than the SSVEP amplitude for 40-Hz stimulation.
Thus, the two groups showed similar frequency tuning
functions for peripheral stimulation. In addition, we
assessed whether the response to the stimulation
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frequencies differed between the groups. None of the
comparisons were significant (all ps > 0.110). Thus, the
response profiles of the two groups were indistinguish-
able. (See Table S26 for descriptive statistics of the data
and Table S27 for the full results of the LMM.) Moreover,
we did not observe any evidence of cross-modal recruit-
ment for this condition (see below for the results of the
cluster-based permutation test and Figure S5). Thus, we
did not observe effects of deafness and/or sign language
use for peripheral stimulation. We therefore refrained
from contrasting hearing signers and hearing nonsigners,

as hearing signers were included only to be able to disso-
ciate possible effects of deafness and the acquisition of a
sign language in case we observed differences between
deaf signers and hearing nonsigners.

The additional analysis of the summed harmonics
revealed that the frequency tuning function was indistin-
guishable between the two groups the largest responses
at 12 Hz and the weakest responses at 40-Hz stimulation
(see Supporting Information for the full results of the
analysis). Thus, the effect of group seems to be specific to
the first harmonic.

TAB L E 5 Results of post hoc tests comparing each of the frequencies within the groups of deaf signers (DS) and hearing nonsigners

(HNDS) for the parieto-occipital ROI

Contrast Group Estimate SE df t ratio p value

12–21 DS 0.107 0.011 484 9.820 <0.001

12–40 DS 0.125 0.011 484 11.529 <0.001

21–40 DS 0.019 0.011 484 1.709 0.088

12–21 HNDS 0.067 0.011 484 6.146 <0.001

12–40 HNDS 0.095 0.011 484 8.738 <0.001

21–40 HNDS 0.028 0.011 484 2.592 0.020

F I GURE 4 Frequency-tuning function of the visual cortex for processing luminance changes in the periphery. (a,c) Topographical

distribution of visual SSEPs as a function of frequency and group. Amplitudes are baseline-subtracted. (b,d) Frequency-tuning function as a

function of frequency and group. Amplitudes are baseline-subtracted and normalised. Error bars indicate 95% confidence intervals.

DS = deaf native signers, HNDS = hearing nonsigners (controls for DS)
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3.2.2 | Cross-modal plasticity—Cluster-
based permutation tests

Deaf signers and hearing nonsigners (matched controls)
Auditory steady-state evoked potentials at 40 Hz have
been suggested to reflect neural activation of the thala-
mus and the auditory cortices in response to auditory
stimulation (Giraud et al., 2000; Herdman et al., 2003;
Luke et al., 2017; Reyes et al., 2004) and typically show
a maximum over frontal electrodes (Porcu et al., 2014;
Zhang et al., 2013). Thus, assuming cross-modal recruit-
ment in deaf individuals, we expected to find differ-
ences between deaf and hearing individuals at frontal
electrodes. However, the comparison between the
groups of deaf signers and hearing nonsigners did not
reveal any clusters that significantly differed between
the two groups (see Figure S5). Because we did not
observe any evidence of cross-modal recruitment for
this condition, we refrained from contrasting hearing
signers and hearing nonsigners, as hearing signers were
included as a control group to be able to dissociate pos-
sible effects of deafness and the acquisition of a sign
language.

4 | DISCUSSION

The goal of the present study was to find out whether
deafness and/or the acquisition of a sign language lead to
changes in the temporal processing characteristics of the
neural systems supporting visual processing. In addition,
we wanted to test whether, assuming cross-modal plastic-
ity in deaf individuals, the temporal processing character-
istics of auditory areas resemble those of typical visual
areas. To this end, we compared the optimal driving fre-
quencies for luminance modulations as measured by
SSVEPs between deaf native signers, hearing native sign-
ers, and hearing nonsigners. The comparison of the first
harmonic response revealed that the groups of signers
(including both deaf and hearing signers) and hearing
nonsigners differed in their optimal driving frequencies
in response to central visual stimulation: For the group of
hearing nonsigners, the optimal driving rate was 12 Hz,
which concurs with previous studies (Ku�s et al., 2013;
Pastor et al., 2003; Regan, 1966, 1975). By contrast, for
the group of deaf signers, the optimal driving rate was
21 Hz, whereas for the group of hearing signers the opti-
mal driving rates were 12 and 21 Hz. These results sug-
gest that the acquisition of a sign language can alter the
temporal processing characteristics of the early visual
cortex. We did not find any evidence for cross-modal
recruitment of auditory areas in the group of deaf
signers.

The shift in optimal driving frequency in both deaf
and hearing signers raises the question about the under-
lying neural mechanisms for this group difference in the
visual temporal processing characteristics and at which
stage in the processing stream it emerges. Previous stud-
ies have provided evidence that SSVEPs elicited by rapid
luminance flicker originate in primary visual areas
(Kamp et al., 1960; Pastor et al., 2003, 2007; Wittevrongel
et al., 2018). Thus, our findings suggest that deafness and
the acquisition of a sign language alter bottom-up visual
processing at the earliest cortical stages.

It has been proposed that individuals with higher
preferred frequencies have the possibility for faster
sequencing of neural processes and therefore exhibit
better temporal resolution in perception (Baltus &
Herrmann, 2016). Indeed, individuals with higher
optimal driving frequencies seem to have lower gap
detection thresholds for auditory stimuli than people
with lower optimal stimulation frequencies (Baltus &
Herrmann, 2015). Thus, our findings might suggest that
deafness and the acquisition of a sign language enhance
the temporal resolution of the visual system. In fact, there
is evidence that perceptual experience can substantially
alter the temporal resolution of the visual system. For
example, Seitz et al. (2005, 2006) have shown that the
temporal resolution of the visual system increases after
perceptual learning. In these studies, participants per-
formed a letter-identification task, whereby a sequence of
eight letters was presented in the centre of the screen.
The sequence contained two target letters, which were
presented with another luminance than the distractors,
and the participants’ task was to report the targets. At the
same time, coherent motion stimuli in a peripheral annu-
lus were presented. One motion direction temporally
overlapped the target letters, so the targets were always
paired with the same direction of the motion stimulus.
Other, nonpaired directions temporally overlapped the
distractors. After a training phase, the critical flicker
fusion thresholds increased on average by 30% (Seitz
et al., 2005). It could be argued that sign language
processing constitutes a similar exposure to motion. Dur-
ing signed discourse, signers typically fixate on the eyes
of the person signing to them (Emmorey et al., 2009;
Muir & Richardson, 2005; Siple, 1978). However, signing
space extends from the navel to above the head and most
signs are typically produced below the eyelevel. Thus, a
large amount of information about the handshape and
hand movement needs to be processed in the peripheral
visual field. So just like in the studies by Seitz et al. (2005,
2006), information from motion signals in the periphery
needs to be extracted and is typically paired with infor-
mation in the central visual field (e.g., facial expressions).
Thus, the higher optimal stimulation frequencies
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observed in the groups of signers may be due to percep-
tual training of motion during sign language processing.

Perceptual learning has often been found to be
restricted to the visual features that have been trained,
such as the location and/or the orientation of stimuli
(Crist et al., 1997; Karni & Sagi, 1991). Electrophysiologi-
cal studies in nonhuman primates have suggested that
visual perceptual learning results in an increase in neuro-
nal sensitivity in primary visual cortex that is specific to
the relevant stimulus features (Schoups et al., 2001). Cor-
respondingly, perceptual learning results in increased
responsiveness of primary visual cortex representing the
trained part of the visual field (Schwartz et al., 2002).
These findings suggest that perceptual learning relies on
changes in early cortical stages of visual processing
(Schwartz et al., 2002) and lend further support for the
notion that the acquisition of a sign language alter
bottom-up visual processing at the earliest cortical stages.

Possibly, the visual system of signers is tuned to
higher frequencies because the neurons involved in the
perception of motion are the same that underlie the
perception of higher temporal frequencies and vice versa
(Seitz et al., 2006). This would be consistent
with the processing characteristics of the magnocellular
(M) pathway, which responds optimally to higher tempo-
ral frequencies and is particularly important for the
processing of motion. Thus, it could be hypothesized that
the visual system of signers is tuned to higher frequencies
because the neurons involved in the perception of motion
are the same that underlie the perception of higher tem-
poral frequencies and vice versa (Seitz et al., 2006).
Indeed, previous studies have postulated selective
enhancements of the M-pathway in deaf individuals
(Armstrong et al., 2002; Stevens & Neville, 2006). How-
ever, these studies compared deaf signers to hearing non-
signers and did not include a control group of hearing
signers. Thus, it is difficult to assess whether the observed
effects in these studies were due to deafness, the acquisi-
tion of a sign language, or an interaction of the two.

In the present study, tuning to higher temporal fre-
quencies in the visual system was observed in the groups
of signers when stimuli were presented in the fovea, but
not when they were presented in the periphery. These
findings stand in contrast to the widespread assumption
that deafness and the acquisition of a sign language lead to
selective enhancements of processing of the peripheral
visual field (Armstrong et al., 2002; Neville &
Lawson, 1987). However, enhanced processing speed as
indicated by shorter reaction times in deaf individuals
have been observed in both the central and the peripheral
visual field (Bottari et al., 2010, 2011). In hearing signers,
reaction time advantages have so far only been observed
in the peripheral visual field (Codina et al., 2017).

We observed larger SSVEP amplitudes for stimuli
presented in the fovea than for stimuli presented in the
periphery, indicating that stimuli of constant size result
in less cortical activity when presented at more eccentric
areas of the visual field. This finding concurs with the
well-known cortical magnification in the primary visual
cortex (Harvey & Dumoulin, 2011). Moreover, previous
studies using the critical flicker fusion paradigm have
shown that the temporal resolution of the visual system
for stimuli of constant size and luminance varies with
visual field location (Granit & von Ammon, 1930;
Hartmann et al., 1979; Poggel et al., 2006; Raninen &
Rovamo, 1987; Rovamo & Raninen, 1984; Tyler, 1987).
Studies in monkeys have found that the number of M-
cells increases with eccentricity (Azzopardi et al., 1999),
which has led to the prediction that the processing of
visual information should be faster at more eccentric
locations (Carrasco et al., 2003). However, for stimuli of
constant size and luminance, the temporal resolution
seems to decrease with increasing eccentricity (Poggel
et al., 2006; Raninen & Rovamo, 1987). Thus, we possibly
did not cover the appropriate frequencies to probe the
temporal tuning functions in the periphery. The null
result regarding differences in the temporal processing
characteristics between the groups of deaf signers and
hearing nonsigners for stimuli presented in the periphery
may thus reflect a floor effect that masked any between-
group differences.

In deaf humans, greater activation of auditory areas
than in hearing individuals has been reported for face
processing (Benetti et al., 2017), moving dot arrays (Fine
et al., 2005; Finney et al., 2001), visual change detection
(Bottari et al., 2014), and most pertinent to our study,
visual-rhythm discrimination (Bola et al., 2017). While
these studies have provided evidence for the view that
the specific functions of the auditory cortices are pre-
served in cross-modal plasticity (Lomber et al., 2010), it is
less known whether basic processing characteristics, such
as the optimal driving frequency, are also preserved.
Here, we wanted to assess whether the deprived auditory
cortices of deaf individuals develop to have a similar opti-
mal driving frequency like the nondeprived cortices
(i.e., visual) or whether the optimal driving frequency of
the deprived auditory cortices resemble those of non-
deprived individuals and are independent of experience.
The scalp topographies of auditory steady-state evoked
potentials have been reported to show a maximum over
frontal electrodes (Porcu et al., 2014; Zhang et al., 2013)
and auditory steady-state evoked potentials are thought
to reflect neural activation of the thalamus and the audi-
tory cortices in response to auditory stimulation (Giraud
et al., 2000; Herdman et al., 2003; Luke et al., 2017; Reyes
et al., 2004). Thus, assuming cross-modal recruitment in
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deaf individuals, we expected to find differences between
deaf and hearing individuals over frontal electrodes.
However, we did not observe evidence for cross-modal
recruitment of the auditory cortex in the group of deaf
signers. We hypothesise that this null result is due to the
clear bottom-up driven character of the present
paradigm.

For example, Bola et al. (2017) observed that deaf—
but not hearing participants—showed increased activa-
tion in auditory regions when they were processing visual
rhythms. In this study, participants had to compare the
rhythms of two sequentially presented sequences. While
the stimulation protocols in our experiment and in the
experiment by Bola et al. (2017) involved visual rhythms,
they were task relevant in the study by Bola et al. (2017),
whereas in our study, they were not. Previous studies that
failed to observe cross-modal recruitment in deaf individ-
uals either used passive stimulation (Hauthal et al., 2014)
or tasks that, according to the authors, were possibly not
difficult enough to elicit recruitment of auditory areas in
deaf individuals (Vachon et al., 2013). This concurs with
findings from studies in blind individuals where mere
stimulation of the hand did not lead to activation of the
visual cortex (Gizewski et al., 2003; Sadato et al., 1996).

5 | CONCLUSION

The acquisition of a sign language seems to alter the tem-
poral processing characteristics of the visual system at
the earliest cortical stages. Thus, our results provide evi-
dence for the notion that the optimal driving frequency
of neural circuits is not a genetically defined property of
neural circuits but is shaped by experience.
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