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PURPOSE. Visual function is typically evaluated in clinical settings with visual acuity (VA),
a test requiring to behaviorally match or name optotypes such as tumbling E or Snellen
letters. The ability to recognize these symbols has little in common with the automatic
and rapid visual recognition of socially important stimuli in real life. Here we use sweep
visual evoked potentials to assess spatial resolution objectively based on the recognition
of human faces and written words.

METHODS. To this end, we tested unfamiliar face individuation1 and visual word recogni-
tion2 in 15 normally sighted adult volunteers with a 68-electrode electroencephalogram
system.

RESULTS. Unlike previous measures of low-level visual function including VA, the most
sensitive electrode was found at an electrode different from Oz in a majority of partic-
ipants. Thresholds until which faces and words could be recognized were evaluated at
the most sensitive electrode defined individually for each participant. Word recognition
thresholds corresponded with the VA level expected from normally sighted participants,
and even a VA significantly higher than expected from normally sighted individuals for
a few participants.

CONCLUSIONS. Spatial resolution can be evaluated based on high-level stimuli encountered
in day-to-day life, such as faces or written words with sweep visual evoked potentials.

Keywords: EEG, visual acuity, sweep visual evoked potentials, face individuation, word
recognition

V isual function is most often assessed in clinical settings
with an explicit behavioral measure of visual acuity

(VA),3 defined as the ability to determine that two objects
at high contrast levels are separate in space.3 In such behav-
ioral tests, participants are usually required to name or
match letters, numbers or other pictures (e.g., tumbling E,
Landolt-C) of different sizes. Matching is used instead of
naming by children or patients who have not been able to
learn optotype recognition.4 However, the ability to recog-
nize these symbols explicitly without time constraints has
little in common with the visual skills at play in real-life
visual environments, which require fast and automatic (i.e.,
not under volitional control) recognition of more complex
visual stimuli. In behavioral evaluations, a reduction of the
duration of optotype presentation, especially in the subsec-
ond range, is known to have a strong detrimental effect on
VA, with little difference between participants with normal
and degraded vision.5 A test of spatial resolution based
on stimuli encountered in day-to-day life, such as human
faces or written words, is currently not available in clini-

cal settings. Because these high-level stimuli involve brain
areas that are not associated with conventional tests such as
Snellen letters, it is expected that they will highlight deficits
or strengths different from those tapped by conventional
tests. In particular, it is important to know whether deficits
in low-level vision truly affect these recognition functions or
are relatively well tolerated.6

Electroencephalographic (EEG) recordings potentially
offer a richer approach to assess VA, which is particu-
larly useful in participants who cannot or will not reliably
complete subjective tests, such as infants or young children,
individuals with cognitive deficits, or in the case of malin-
gering.7–9 Measures based on EEG are implicit, as opposed
to what is typically proposed in behavioral neuropsycholog-
ical approaches. In the latter approaches, an explicit task,
usually with stimuli that are presented for relatively long
times, involves many additional cognitive processes, and its
outcome is influenced by many factors (task instruction,
decisional and motor components, subject motivation/stress,
etc.).
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Typical EEG measures used in ophthalmology are based
on potentials evoked by flashes or checkerboard/grating
reversals, which are expressed as peaks and throughs (visual
evoked potentials [VEPs]) in the time domain.10 However, in
practice, the benefit of standard VEP measures is limited by
their low signal-to-noise ratio and the subjectivity of iden-
tification of the VEPs and quantification of their parame-
ters (amplitude and latency). An alternative approach is to
present a visual stimulus at a (relatively fast) periodic rate
to produce an EEG signal over the occipital cortex exactly
at the frequency of stimulation.11 After Fourier transform
of the EEG,12 this signal, often referred to as a steady-
state VEP, can be identified and quantified objectively in
the frequency domain. A sweep-evoked periodic EEG activ-
ity is obtained when the property under measurement, the
spatial frequency of a grating, for instance, is increased
progressively or decreased during the stimulation.13 It allows
to determine a threshold of VA when the signal in the
frequency domain significantly emerges or disappears from
noise level. (Note that in these studies, threshold is defined
by extrapolation to zero amplitude, not by when the signal
was above the noise level).14

These sweep VEPs (sVEP) have largely been used with
stimuli such as gratings and checkerboards to evaluate VA
(as reviewed in Almoqbel, Leat, and Irving [2008],8 Hamil-
ton et al. [2021],7 Zheng et al. [2020]9). More than 50 studies
have been reported as assessing VA with sVEP in children
as of a few days of age.7 In adults, 15 studies found that
the behavioral VA values are above the sVEP VA measures
by approximately 0.2 to 0.6 log units.7 Knowing this rela-
tionship between sVEP VA and behavioral VA, typically used
in clinics, allows to use sVEP VA to estimate behavioral VA
when it cannot be determined reliably with explicit tests.

However, an important factor that prevents a meaningful
comparison between behavioral and EEG VA values is that
sVEP measurements are performed with low-level stimuli
typically, whereas behavioral tests are performed with high-
level stimuli (i.e., categories, such as letters/words or object
pictures). Because fast periodic visual stimulation has been
extended successfully in recent years to measure higher
level human visual recognition functions in EEG such as
face, letter, and word or even quantity recognition,2,15,16 this
confound could be overcome. Collectively, these latter stud-
ies have identified objectively and quantified high signal-to-
noise EEG signals with specific patterns of localization and
lateralization for these functions (e.g., right or left occipi-
totemporal for face or letter/word recognition, respectively).
These EEG responses obtained during fast periodic visual
stimulation also seem to be highly reliable within17 and even
across18 recording sessions.

Here our goal is to introduce sVEP paradigms to assess
VA reflecting face and visual word recognition (VWR) in
a normal adult population. To do that, we present visual
stimuli in progressively decreasing sizes, focusing on two
major visual recognition functions: (1) face identity recogni-
tion (FIR) and (2) VWR.

FIR can be considered as the most challenging face recog-
nition function (e.g., compared with emotional facial expres-
sion recognition, gender, etc.), and perhaps even as the ulti-
mate recognition function for the human brain.19–21 Besides
very rare cases of specific impairment at FIR after brain
damage to ventral occipitotemporal regions (i.e., prosopag-
nosia), difficulties at FIR have been observed in a wide range
of clinical conditions, including Alzheimer’s disease,21 as
well as low-level disorders (glaucoma, cataracts, amblyopia,

etc.22–26). Amblyopia (strabismic) or a lack of early visual
experience owing to cataract associated with vision deficit
in adulthood can also cause significant FIR deficits.27,28

FIR has been measured successfully with pictures of
unfamiliar faces presented in an oddball paradigm.1,29 The
neural response obtained on the scalp is right lateralized,
focused on the occipitotemporal cortex, and highly reliable.
In neurotypical adults, it is decreased substantially when
the exact same images of faces are presented upside down,
showing that the response does not merely reflect physical
differences between stimuli (which are identical at upright
and inverted orientations), but a high-level brain function
built from experience.1,29

VWR involves the recognition of letters and their combi-
nations, a function that is lateralized to the left hemisphere
from an early age, even before formal reading acquisition.30

This VWR function has been measured successfully with fast
periodic visual stimulation in adults2 and during reading
acquisition in young children.31

To assess VA during FIR and VWR, here we progres-
sively decrease the visual angle encompassing the face or
word stimuli and estimate the point until which facial iden-
tities can be discriminated, and words can be discriminated
from flipped nonwords (fNWs). VA thresholds are assessed
at the most sensitive electrode (MSE), which is deter-
mined for each participant as the electrode with the highest
baseline-corrected amplitude for the sum of the first relevant
harmonics.

METHODS

Participants

We tested 15 healthy volunteers, including 11 females, aged
20 to 30 years (mean age, 24 ± 3 years). One participant was
excluded because she was taking psychiatric medication.
In the remaining participants, all reported a best-corrected
VA of 10/10 or better for each eye; none reported any
ophthalmologic, neurological, or psychiatric disease. Written
informed consent was obtained from all participants after
they were informed about the goal of the study. Participants
received a monetary compensation at the end of the record-
ing session. The research protocol followed the tenets of the
Declaration of Helsinki and was approved by the Univer-
sity of Louvain’s Human Biomedical Ethics Board under the
Belgian registration number B403201732407.

Stimuli and Procedure

We evaluated human face individuation in all individuals
with the typical oddball paradigm1 (pilot experiment 1) and
then with an original size-sweep version of the paradigm,
the face sweep (experiment 1). In addition, we tested partic-
ipants’ ability to recognize written words among fNWs with
a standard paradigm2 (pilot experiment 2) and a sweep
paradigm, the word sweep (experiment 2). The goal of the
pilot experiments was to ensure that every individual tested
here showed a significant response at a typical stimulus
size and a full stimulation duration as used in published
studies, as well as to define, for each participant, the MSE
for the sweep condition. Pilot experiments also allowed to
determine the number of harmonics to consider in the word
experiment and to evaluate a correlation between the magni-
tude of the response in a typical paradigm and the threshold
as defined on an individual basis.
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FIGURE 1. (A) Examples of the pilot experiments. XP 1 is the face individuation experiment. The face of a given unfamiliar individual (Id1),
the base stimuli, is presented at a fixed rate of 6 stimuli per second (i.e., 6 Hz), with the faces of other individuals (Id2, Id3, etc.), the oddball
stimuli, appearing at every fifth stimuli (i.e., 1.2Hz). XP 1 was presented with upright and inverted faces in different conditions. Images in
these two experiments were presented with a sinusoidally modulated contrast. XP 2 is the word recognition condition. fNW, the base stimuli,
were presented at a fixed rate of 6 stimuli per second (i.e., 6 Hz), with words (W), the oddball stimuli, appearing at every fifth stimuli (i.e.,
1.2 Hz). (B) Schematic illustrations of the sweep experiments. In XP 1 and 2, stimuli were presented during 10 seconds (0.83 seconds × 12
repetitions) at the largest size allowed by the stimulation screen at step 1, then, consecutively, during 10 seconds at the following 9 steps,
in which the size of the stimuli was progressively reduced. The factor of size decrease was taken from a range of 10 logarithmically spaced
values.

In all experiments, images were presented periodi-
cally with a sinusoidally modulated contrast, as in previ-
ous studies. Stimulus contrast was linearly increased and
decreased respectively at the beginning and end of each
stimulation sequence, during short fade-in and fade-out
periods (2 seconds). These periods were not included
in the analyses and aimed at preventing blinking or
movement artefacts owing to abrupt (disappearance of)
stimulation. Stimuli were presented at the centre of the
screen on a three-dimensional LCD monitor, with a reso-
lution of 1920 (H) × 1080 (V) pixels and a refresh rate
of 120 Hz. The mean luminance of the monitor was
132 cd/m2.

Experiment 1: Face Individuation. A sequence
(pilot experiment 1) included four base (B) stimuli followed
by an oddball (O) stimulus (BBBBOBBBBO…) at a base
frequency of 6.0 Hz and an oddball frequency of 1.2 Hz. The
base stimulation frequency was identical to previous simi-
lar experiments.1 Stimuli were frontal colored face images
that did not show any emotion and without any external
features. The base stimuli were the face of a given person
(Id1), which remained the same throughout the stimulation
sequence, and the oddball stimuli, faces of other persons
(Id2, Id3, etc.) (Fig. 1), selected from a set of 25 different
faces. To limit the contribution of low-level visual cues to
the face individuation task, the face size varied between 80%
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TABLE 1. Dimensions of Stimuli at Every Step in the Sweep
Conditions

Dimensions of Stimuli (Degrees)

Face Individuation Word Recognition

Height Width Height Width

Step 1 6.9 4.6 2.00 6.90
Step 2 5.3 3.6 1.40 4.80
Step 3 4.2 2.8 0.94 3.20
Step 4 3.2 2.2 0.65 2.20
Step 5 2.6 1.7 0.44 1.50
Step 6 2.0 1.3 0.30 1.00
Step 7 1.6 1.0 0.21 0.70
Step 8 1.2 0.8 0.14 0.50
Step 9 0.9 0.6 0.10 0.30
Step 10 0.7 0.5 0.07 0.20

and 120% in 5% steps at each 6-Hz stimulation cycle.32 A
condition started with 1s of fade-in, followed by 60 seconds
of sequence, and ended with 1 second of fade-out. It was
repeated four times with upright faces and four times with
inverted faces. Images were 890 ± 180 pixels in height and
595 ± 120 pixels in width (6.9 × 4.6° of visual angle at a
distance of 2 m).

In the sweep version of the paradigm (experiment 1), the
size of the faces was decreased with a factor from a range of
10 logarithmically spaced values (Fig. 1). The average size
was 7° × 5° of visual angle at the first step, and 0.7° × 0.5°
at the last step (viewing distance of 2 m) (Table 1). Face size
also varied between 80% and 120% in 5% steps. A sweep
was comprised of 10 equal log steps, each presented for 10
seconds in a sequence that lasted 100 seconds, in addition
to 1 second of fade-in and 1 second of fade-out, respectively
at the beginning and at the end of the sequence. The 102-
second sweeps were repeated eight times.

Experiment 2: Word Recognition. A sequence
(pilot experiment 2) also included four base stimuli followed
by an oddball stimulus. To compare the results of experi-
ments 1 and 2, the base frequency was also 6 Hz, as in previ-
ous similar experiments.31 Oddball frequency was also 1.2
Hz (6 Hz/5). Oddball stimuli were five-letter French words
(W) commonly used as of primary school (e.g., “merci,”
“roman”), selected from a set of 28 words. The font used was
Verdana, with a spacing between characters of one-quarter
of the letter size. Base stimuli were fNW, built one by one
on the basis of the words of the oddball stimuli by flipping
the letters vertically and randomly mixing them (Fig. 1). A
condition started with 1 second of fade-in, followed by 60
seconds of sequence, and ended with 1 second of fade-out.
It was repeated four times. Stimuli were 260 ± 50 pixels in
height and 890 ± 180 pixels in width (2.0° × 6.9° of visual
angle at a distance of 2 m).

The sweep version of the paradigm (experiment 2) was
based on the sequence (fNW_fNW_fNW_fNW_W_fNW…) of
the pilot experiment. The size of the letters of the words
and fNWs was decreased with a factor from a range of 10
logarithmically spaced values (Fig. 1). The size of the letters
varied between 2.0° × 6.9° of visual angle at the first step,
and 0.07° × 0.20° at the last step (viewing distance of 2 m)
(Table 1). The height corresponds to the body height, includ-
ing ascenders and descenders. A sweep was comprised of 10
equal log steps, each presented for 10 seconds in a sequence
that lasted 100 seconds, in addition to 1 second of fade-in

and 1 second of fade-out, respectively, at the beginning and
at the end of the sequence. The 102-second sweeps were
repeated eight times.

For all participants, the order of conditions was blocked:
face sweep (2 trials), inverted face individuation (2 trials),
upright face individuation (2 trials), word sweep (1 trial),
word recognition (1 trial), and word sweep (1 trial). This
block was repeated identically one time. It was followed by
another block: face sweep (2 trials), word sweep (1 trial),
word recognition (1 trial), and word sweep (1 trial). This
block was repeated identically one time. The total testing
time including breaks was less than 45 minutes. The exper-
imenter manually initiated the recording of each condition
after observing an artefact-free EEG signal for at least 10
seconds and confirming the participant was ready.

EEG Acquisition

Recording took place in a dimly lit room. Participants were
instructed to maintain fixation at the center of the screen
throughout the experiment. Scalp EEG was recorded at a
sampling rate of 512 Hz with a 64-channel Biosemi Active 2
system, with electrodes corresponding to the standard 10-20
system locations, and four additional electrodes placed over
the occipitotemporal region (PO9, PO10, I1, and I2).

EEG Analysis

Preprocessing. The EEG data were analyzed as in
previous studies with these paradigms,29 but the analysis
is nevertheless described fully here. Data were band-pass
filtered off-line between 0.1 and 100.0 Hz with a fourth-
order zero-phase Butterworth filter and re-referenced to the
average of the 68 scalp channels. For each participant and
condition, the preprocessed EEG data were averaged across
trials. In the pilot and sweep conditions, the data were
respectively cropped into one 60-second epoch, and ten 10-
secone epochs corresponding with each step of the condi-
tions, excluding the fade-in and fade-out periods, without
any correction for artefact. A discrete Fourier transform was
applied to each epoch, resulting in a frequency resolution
of 1/60 Hz (i.e., 0.0166 Hz) for the pilot and of 1/10 Hz (0.1
Hz) for the sweep conditions. Baseline-corrected amplitudes
were then computed by subtracting the mean amplitude of,
respectively, 10 and 20 surrounding frequency bins (respec-
tively 5 and 10 on each side, excluding the immediately adja-
cent frequency bin), from the amplitude at each frequency
bin, for the sweep and pilot conditions. In the remainder of
the article, the term amplitude refers to baseline-corrected
amplitude. For the face individuation condition, the sum
of the resulting EEG amplitude at the six first harmonics,
excluding the fifth harmonics (i.e., 1.2 Hz, 2.4 Hz, 3.6 Hz, 4.8
Hz, and 7.2 Hz) of the oddball frequency, which we called
the summed oddball frequency f̄O, was taken as an index of
the sensitivity to the stimulus. The fifth harmonic (i.e., 6 Hz)
was excluded, because it coincided with the base frequency.
These five harmonics typically include all of the signal in
face individuation experiments (See Fig. 4 in 29). To evalu-
ate the sensitivity of the stimulus at the base frequency, the
sum of harmonics was similarly calculated, without exclud-
ing the fifth harmonic. This summed base frequency was
noted as f̄B. A similar approach was followed in the word
experiment, with a number of harmonics included in the
sum defined based on the pilot experiment.
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MSE Selection. The MSE was defined in the pilot
conditions as the electrode with the highest baseline-
corrected amplitude at the sum of the six first harmonics
for the face experiment, excluding the fifth harmonic of the
oddball frequency. A similar approach was followed in the
word experiment, with a number of harmonics included in
the sum defined based on the pilot experiment.

Sensitivity Estimation. In the sweep conditions, the
sensitivity of the signal was assessed at each step by trans-
forming the amplitude spectrum into z-scores, taking into
account the five surrounding bins on either side of the
frequency of interest, excluding the immediately adjacent
bin (in case of spectral leakage). The threshold was defined
as the last step with a significant response at the summed
oddball frequency, with the condition that the preceding
step was significant as well. A step was considered as signifi-
cant it the z-score of the amplitude at that step was above the
z-score threshold. The z-score thresholds were set at a z of
greater than 2.33 (significance level of 0.01, one tailed; i.e.,
signal > noise) at the group-average level, that is, averaged
across sequence repetitions and individual participants, and
a z of greater than 1.64 (significance level of 0.05, one tailed)
at the block-average level, that is, averaged across sequence
repetitions for each participant individually. A more severe
threshold was used at the group-average level than at the
block-average level, because a greater number of repetitions
was included in the group average, increasing the signal-
to-noise ratio.

EEG Interpretation

The scalp topographies and frequency spectrum were first
evaluated for the pilot experiments at the block-average level
and at the group-average level. The frequency spectrum
at the block-average level was evaluated at the individual
participant’s MSE. At the group-average level, it was deter-
mined by averaging across sequence repetitions and across
individual participants’ frequency spectra. Next, we assessed
the evolution of scalp topographies and frequency spectrum
at the group-average level throughout the sweep conditions.

RESULTS

Pilot Experiments (Full Sequences)

At the group-average level, in the face individuation condi-
tions, the most sensitive response at the oddball frequency
(fO) and its harmonics was recorded over the right occip-
itotemporal cortex, followed by the left occipitotemporal
cortex (Fig. 2). The response was statistically different, F(1)
= 5.5; P= 0.02, regarding face direction: response was larger
with upright (mean = 0.34) than with inverted faces (mean
= 0.19), as expected.1,29 In the word recognition conditions,
at the group-average level, the most sensitive response at
the oddball frequency (fO) and its harmonics was located
over the left occipitotemporal cortex followed by the right
occipitotemporal cortex (Fig. 2). A significant response was

FIGURE 2. Pilot experiments. Frequency spectrum averaged at the group level over the right occipitotemporal cortex for face individua-
tion experiments, and over the left occipitotemporal cortex for the word recognition condition, and topography of the baseline-corrected
amplitude averaged across participants and across sequence repetitions at the summed oddball frequency and the summed base frequency.
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TABLE 2. Most Sensitive Electrode (MSE)*

Number of Participants

MSE Face Individuation Word Recognition

PO10 5 1
P10 3 2
P9 2 2
O1 1 3
PO9 2 1
PO7 0 3
I1 0 2
P1 1 0

* The MSE is defined individually for each participant as the
electrode with the highest baseline-corrected amplitude highest
baseline-corrected amplitude at the sum of the six first harmonics for
face paradigms, and the eight first harmonics for word paradigms,
excluding the fifth harmonics of the oddball frequency in both
experiments.

obtained at the first eight harmonics: the eighth harmonic
(9.6 Hz) was highly significant (z-score of 6.7, P < 0.001),
but the ninth harmonic was not significant (z-score of 0.79;
P = 0.21). At the base frequency (fB), the largest activ-
ity was recorded over the middle occipital cortex in both
experiments. In a majority of participants, the MSE was
located outside of the middle occipital electrode Oz, for
both the face individuation and word recognition conditions
(Table 2). Interestingly, for a few participants, the most
sensitive response was localized in the left occipitotem-
poral cortex in face individuation conditions and in the
right occipitotemporal cortex in word recognition conditions
(Fig. 3). Thus, as already noted in previous publications,33

recording the EEG with an extended electrode array is
important to correctly assess the visual function of each
participant. In other words, assessing the visual function
at the central occipital electrode Oz, which is a common
approach in clinical settings, would miss the most sensi-
tive signal and underestimate visual performance in a large
number of individuals.

Sweep Conditions

Recognition Indexes. Next, we studied the evolu-
tion of frequency spectrum at the group-average level with
decreasing sizes of faces and letter strings (Fig. 4). To exam-
ine the lateralization of the response, we determined the
average baseline-corrected amplitude in the left (P1, P3, P5,
P7, P9, PO3, PO7, PO9, O1, and I1 electrodes) and right
occipitotemporal cortex (P2, P4, P6, P8, P10, PO4, PO8,
PO10, O2, and I2 electrodes).

In the face sweep condition, the most sensitive signal
at the summed oddball frequency f̄O was lateralized, with
a greater response in the right occipitotemporal than the
left occipitotemporal cortex throughout the size steps. In
the word sweep condition, scalp topographies showed a left
lateralization at the summed oddball frequency f̄O through-
out the size steps. Moreover, at the group-average level,
different thresholds were obtained for the two experiments:
higher thresholds for the face sweep than for the word
sweep conditions, that is, respectively, step 9 and step 7,
corresponding to sizes of images of 0.9° (height) × 0.6°
(width), and 0.2° (height) × 0.7° (width).

Next, we determined the thresholds for each participant
using the z-score based on the baseline-corrected amplitude
averaged across sequence repetitions at each participant’s

MSE and at the electrode Oz (Fig. 5). The thresholds of the
individual participants were not correlated with the ampli-
tude at the MSE at the summed oddball frequency f̄O (R2

for the face condition = 0.35, R2 for the word condition
= 0.39). Thus, higher thresholds are not necessarily asso-
ciated with higher EEG amplitudes. Threshold assessment
was more reliable at the MSE; although it could be defined
at the MSE for, respectively, 11 and 12 participants in the
face and word sweep conditions, it could be determined for
only 8 and 12 participants at Oz. In addition, thresholds were
higher at the MSE, as already noted elsewhere in this arti-
cle.33 Given the variability of scalp topographies between
participants, assessing their visual function at their MSE is
important, as the use of a standardized region of interest
across participants would underestimate their visual perfor-
mance.

Base Frequencies. Although the presence of a
response at the oddball frequency reflects the discrimina-
tion of the oddball stimuli in the sequence, a response at
the base frequency merely reflects the global response to
the flickering of images. In clinical settings, the presence
of a response at the base frequency may be used to assess
whether and to what extent the participant actually looked
at the screen (Fig. 6). The amplitudes at the base frequency
determined at individual participants’ MSE and averaged at
the group level decreased linearly with stimulus size in both
experiments, especially for words (R2 = 0.97 for the face
paradigm; R2 = 0.99 for the word paradigm, Fig. 6). This
linear trend was less significant at the oddball frequency (R2

= 0.51 for the face condition; R2 = 0.77 for the word condi-
tion, Fig. 4).

DISCUSSION

In this study, we aimed to assess VA with commonly expe-
rienced categories: face stimuli and written words. To do
so, we measured sweep-evoked periodic EEG activity with
64 electrodes plus 4 additional electrodes over the occipi-
totemporal region. Our data show that it is possible to obtain
objective measures of VA based on stimuli encountered in
day-to-day life with sVEP.Moreover, because these responses
are well-localized to a few occipitotemporal channels in all
participants, the total testing time including setting up and
removing a limited number of electrodes at these locations
could be realized in a short amount of time, allowing to test
challenging populations (e.g., infants and children, clinical
populations).

Previous studies have determined visual perception
thresholds with sVEP. Instead of varying the size of the stim-
ulus, one could use a progressive decrease of the low-pass
filter cut-off of the spatial frequency content of the image.34

In the present study, we describe the first paradigm of sVEP
realized by varying the size of faces or words. Varying the
size allowed to modify the angle under which faces or words
are seen, such as when optotypes such as tumbling Es or
Snellen letters are used in the clinical context to measure
VA. The difference between tumbling Es on the one hand,
and Snellen letters, faces or words, on the other hand, is that
the discrimination of complex images such as letters, faces,
or words not only requires to see the details that constitute
these images, but also to recognize that the result of this
arrangement of segments and curves forms a face, a learned
category. The decrease in the neural response when faces
are presented at an inverted versus an upright orientation
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FIGURE 3. Pilot experiments. Frequency spectrum at the summed oddball frequency at the participant’s MSE, and topography of the baseline-
corrected amplitude at the summed oddball frequency.

shows that high-level recognition goes well beyond the
objective physical differences between complex images.

Contrasting words with fNWs derived from our goal,
which was to assess the VA with ecological stimuli. By flip-
ping the orientation of the letters, we maximized the contrast
between the bases and oddballs, although we ensured that
low-level information is constant between the two contrasted
categories. We did not use a contrast between words and
nonwords only because young children, even after 1 to
2 years of formal reading acquisition, do not yet show
words–nonwords effects in this paradigm.35 Letters have
been contrasted previously with pseudoletters at a rate of
3 Hz to evaluate VA using steady-state VEP.36 In that study,

letters were presented in rows of random letter images.
The choice of an array to display letters is very interest-
ing, because it introduces the crowding effect, which is also
present in letter charts used clinically, and affects the VA in
patients with amblyopia. Moreover, the algorithm used in
that study controlled for the global power spectrum of the
letters as well as additional second-order statistics involving
correlations over scale, location, and orientation. However,
here, we did not use pseudoletters because it is impossible to
strictly control for low-level features when contrasting them
with real letters (e.g., in orientation of the strokes).

In the present study, the base rate response remained
significant throughout all the steps for face individuation,
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FIGURE 4. Sweep experiments at the oddball frequency. (A) Face individuation. (B) Word recognition. From top to bottom: frequency
spectrum at the group-level at each participant’s individual MSE, group-level scalp topographies, and average amplitudes over the left
occipito-temporal (OT), right OT at the 10 steps of the sequence of the baseline-corrected amplitude averaged across participants. Error bars
represent the standard errors of these averages. In each experiment, the step corresponding with the threshold determined with the Z-score
based on the baseline-corrected amplitude at the MSE is highlighted.

and almost all the steps for word recognition. For words,
it became lateralized at small sizes, as if the occipitotem-
poral regions generated most of the response. The ampli-
tude at the base frequency decreased linearly with stimulus
size in both experiments (especially for words). It is likely
to simply reflect the size of the cortical area stimulated. It
is in contrast with the recognition measures, at the summed
oddball frequency, which do not decrease linearly. As for the
amplitude at the summed oddball frequency, it was maximal
in the face individuation at step 3 (Fig. 4), which corresponds
with a human face seen at 2.3 m, a distance that is common
in human interactions.

Word sweep conditions were associated with a response
of interest at the group average level until step 7

(0.20° × 0.70°). At the individual level, a response of interest
at the MSE was identified in a large majority of participants
until at least step 7 (Fig. 5). It is worthwhile to note that
these thresholds of word recognition correspond with letter
heights of between 0.07° and 0.44° (Table 1), that is, mini-
mal angles of resolution of between 0.8 and 5.3 minutes of
arc for letters such as E, or a VA of between −0.1 and 0.7
logMAR. This finding confirms that our test assesses spatial
resolution correctly, because participants in this study had a
normal VA. In addition, this finding confirms that individuals
with a normal visual function can recognize words at a very
fast rate.37 Regarding the participant with a VA estimated at
a logMAR of 0.7, this VA evaluated with the letter chart used
in the clinical environment is 10/10. Although this lower
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FIGURE 5. Sweep experiments: number of participants with a threshold at each of the 10 steps of the face individuation (XP 1) and the word
recognition (XP 2) conditions. In both experiments, the threshold is determined with a Z-score based on the baseline-corrected amplitude
averaged across sequence repetitions at the MSE and at the electrode Oz.

result for the dynamic assessment of VA based on high-level
stimuli, compared with its evaluation in clinic, should be
confirmed with additional testing, it possibly reflects the fact
that different processes (and time constraints) are involved
for these two tasks, and a normal performance for one of
these tasks does not always imply a normal performance
for the other task. Moreover, we acknowledge that the sVEP
threshold as defined here by taking into account EEG noise
may depend on the number of trials, and we cannot exclude
that it would be slightly shifted with a higher number of
trials used.

In line with a previous study38 which showed that read-
ing speed for text was constant over a 10-fold range of
0.2° and 2.0° of x-height, the response at the summed
oddball frequency in the word recognition experiment was
significant between 2.00° and 0.21° of x-height (Fig. 4B).
Visually, the amplitude at the summed oddball frequency
did not present a decreasing trend between 2.00° and 0.29°
of x-height, which is coherent with the finding that read-
ing speed is maximum and constant over a fluent range of
print sizes. The amplitude at the summed oddball frequency
started to decrease as of 0.29°, close to the threshold of 0.2°
mentioned in that study.38

Regarding face sweep conditions, a response of interest
at the group-average level was found until step 9 (0.9° ×
0.6°). Most participants in this experiment had a thresh-
old between 7 and 10 (Fig. 5). Thus, for future experi-
ments, it can be noted that normally sighted individuals
can individuate faces presented at a high frequency of 6
Hz until a face height of between 1.6° and 0.7°. More-
over, preliminary data collected in our laboratory with posi-
tive lenses decreasing the VA to 3/10 indicates that this
threshold for FIR is not affected by the artificial alter-
ation of VA. This finding suggests that the ability to recog-
nize face identity persists even in low vision conditions,
in line with observations made with severely low-pass
filtered stimuli in behavioral39 and more recently sweep-
VEP studies.40 One implication of this finding is that the
measure of VA based on face individuation alone could
miss patients with high spatial frequency loss, suggest-
ing that measures of acuity with simple low-level stim-
uli such as gratings could complement the face acuity
measurements.

Developing new tests to assess the visual function is
important to reflect the visual difficulties encountered in
some pathologies, such as cerebral visual impairment (CVI).
CVI, one of the most frequent causes of vision impairment
in children in the developed world, is a bilateral decreased
visual performance owing to a neurological problem affect-
ing the visual part of the brain and unexplained by ocular
findings.41,42 Despite VA, which remain good or are even
normal in some individuals, patients with CVI present impor-
tant difficulties to perform everyday visual tasks, such as
extracting visual information from a visually crowded back-
ground. The most common symptoms observed in CVI result
from dorsal stream dysfunction.43

For the diagnosis and follow-up of conditions affecting
infants, such as amblyopia or CVI, the tests used could
be based on faces and on gratings. In older children, if
cognitive abilities allow, VWR tests could also be used. Our
paradigm is sensitive not only to differences between words
and nonwords, but also to contrast letters and inverted
letters. Even though we are unable to determine at this
stage the respective contribution of letter order scrambling
and letter inversion of the oddball response, because there
is evidence of letter selectivity responses at an early age
even in pre-readers30 (5 years old), it may be helpful as a
hint to the reading abilities and potential need for support
at school. As for patients with CVI, because deficits have
primarily been described in the dorsal stream,44 (partially)
spared functioning may be expected for the face and word
recognition tasks indeed. A statistically significant peak at
the oddball frequency in these two tasks would suggest
a (partially) spared functioning. This response should be
followed, because it may be absent initially as a result of
immaturity of reading and FIR, and subsequently appear
with the development of these functions.

In contrast, in older participants, both tasks based on
face identity and word recognition would be interesting in
patients with central visual field deficits, such as in diabetic
maculopathies, in AMD, and in other maculopathies of
degenerative, genetic, toxic, or inflammatory causes. Under-
standing how they are affected for these visual functions
required in day-to-day life would help to support them
in their daily activities and customize visual rehabilitation
programs. The test of VWR could be used in patients with
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FIGURE 6. Base frequency response in the sweep conditions. (A) Face individuation. (B) VWR. From top to bottom: frequency spectrum at
the group-level at each participant’s individual MSE, group-level scalp topographies, and average amplitudes over the left OT and right OT
at the 10 steps of the sequence of the baseline-corrected amplitude averaged across participants. Error bars represent the standard errors of
these averages. In each experiment, the step corresponding to the threshold determined with the Z-score based on the baseline-corrected
amplitude at the MSE is highlighted.

neurological or ophthalmologic pathologies, in comparison
with normally sighted patients, to understand the extent
to which their pathology affects word recognition. Thanks
to the sweep paradigm, our test will not only allow to
answer whether word recognition is possible, but also to
what extent it is performant in terms of acuity in compari-
son with normally sighted controls.

In line with the literature, our study showed on topogra-
phies at the group-average level at the oddball frequency,
in the face and word sweep conditions, a lateralization,
respectively, in the right and left occipitotemporal cortex.
However, some participants presented with an atypical later-
alization, respectively, in the left and right occipitotemporal
cortex for the face and word sweep conditions. Presenta-

tion of faces, as opposed to other nonface objects, signif-
icantly activates regions in the ventral occipitotemporal
cortex, as demonstrated by functional magnetic resonance
imaging studies.45–48 More precisely, human neuroimaging
and intracerebral recordings have shown that faces selec-
tively activate the right middle lateral fusiform gyrus, a
region called the fusiform face area.49,50 As for letter strings,
their processing largely activates the left ventral occipi-
totemporal cortex.51–53 More precisely, intracerebral record-
ings54 have shown that, within the ventral occipitotemporal
cortex, the areas involved in word discrimination were much
more numerous in the left hemisphere, with the highest
density around the left fusiform and occipitotemporal sulcus
region. In line with the findings in this study, visual word
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discrimination also activates areas in the right hemisphere,
mostly located along the fusiform gyrus.54

In the future, these paradigms may allow to determine,
for different ophthalmic pathologies that affect VA such
as amblyopia, cataract, or glaucoma, whether an impair-
ment of VA is correlated with an impairment of high-level
visual performance, with, for instance, an ability to recog-
nize faces until step 5 only. Such a correlation between these
impairments of low- and high-level visual functions may be
observed in controls in whom VAwould be artificially altered
with positive lenses. In contrast, an asymmetry between
impairments of low- and high-level visual functions, with
a more severe impairment of low-level visual function, may
derive from mechanisms of cerebral plasticity. These mecha-
nisms might limit impairments for visual functions required
in day-to-day life.

Acknowledgments

Disclosure: C. Hemptinne, None; N. Hupin, None; A. Lochy,
None; D. Yüksel, None; B. Rossion, None

References

1. Liu-Shuang J, Norcia AM, Rossion B. An objective index
of individual face discrimination in the right occipito-
temporal cortex by means of fast periodic oddball stim-
ulation. Neuropsychologia. 2014;52:57–72, doi:10.1016/j.
neuropsychologia.2013.10.022.

2. Lochy A, Van Belle G, Rossion B. A robust index of
lexical representation in the left occipito-temporal cortex
as evidenced by EEG responses to fast periodic visual
stimulation. Neuropsychologia. 2015;66:18–31, doi:10.1016/
j.neuropsychologia.2014.11.007.

3. Trick GL. Beyond visual acuity: New and complementary
tests of visual function. Neurol Clin. 2003;21(2):363–386,
doi:10.1016/S0733-8619(02)00104-4.

4. Anstice NS, Thompson B. The measurement of visual acuity
in children: An evidence-based update. Clin Exp Optom.
2014;97(1):3–11, doi:10.1111/cxo.12086.

5. Heinrich SP. Similar dependence of acuity measures on
exposure duration irrespective of acuity level in artificially
degraded vision. Curr Eye Res. 2021;46(4):595–598, doi:10.
1080/02713683.2020.1809003.

6. De Haan EHF, Heywood CA, Young AW, Edelstyn N,
Newcombe F. Ettlinger revisited: The relation between
agnosia and sensory impairment. J Neurol Neurosurg
Psychiatry. 1995;58(3):350–356, doi:10.1136/jnnp.58.3.350.

7. Hamilton R, Bach M, Heinrich SP, et al. VEP estimation
of visual acuity: A systematic review. Doc Ophthalmol.
2021;142(1):25–74, doi:10.1007/s10633-020-09770-3.

8. Almoqbel F, Leat SJ, Irving E. The technique, validity and
clinical use of the sweep VEP. Ophthalmic Physiol Opt.
2008;28:393–403, doi:10.1111/j.1475-1313.2008.00591.x.

9. Zheng X, Xu G, Zhang K, et al. Assessment of human visual
acuity using visual evoked potential: A review. Sensors.
2020;20(19):5542, doi:10.3390/s20195542.

10. Odom JV, Bach M, Brigell M, et al. ISCEV standard for clin-
ical visual evoked potentials: (2016 update). Doc Ophthal-
mol. 2016;133(1):1–9, doi:10.1007/s10633-016-9553-y.

11. Adrian ED, Matthews BHC. The Berger rhythm: Poten-
tial changes from the occipital lobes in man. Brain.
1934;57:355–385, doi:10.1093/brain/57.4.355.

12. Regan D. Some characteristics of average steady-state and
transient responses evoked by modulated light. Electroen-
cephalogr Clin Neurophysiol. 1966;20:238–248, doi:10.1016/
0013-4694(66)90088-5.

13. Regan D. Rapid objective refraction using evoked brain
potentials. Investig Ophthalmol Vis Sci. 1973;12:669–679.

14. Norcia AM, Tyler CW. Spatial frequency sweep VEP: Visual
acuity during the first year of life. Vision Res. 1985;25:1399–
1408, doi:10.1016/0042-6989(85)90217-2.

15. Rossion B, Boremanse A. Robust sensitivity to facial identity
in the right human occipito-temporal cortex as revealed by
steady-state visual-evoked potentials. J Vis. 2011;11(2):16,
doi:10.1167/11.2.16.

16. Guillaume M, Mejias S, Rossion B, Dzhelyova M, Schiltz
C. A rapid, objective and implicit measure of visual quan-
tity discrimination. Neuropsychologia. 2018;111:180–189,
doi:10.1016/j.neuropsychologia.2018.01.044.

17. Xu B, Liu-Shuang J, Rossion B, Tanaka J. Individual differ-
ences in face identity processing with fast periodic visual
stimulation. J Cogn Neurosci. 2017;29(8):1368–1377, doi:10.
1162/jocn_a_01126.

18. Stacchi L, Liu-Shuang J, Ramon M, Caldara R. Reliability of
individual differences in neural face identity discrimination.
Neuroimage. 2019;189:468–475, doi:10.1016/j.neuroimage.
2019.01.023.

19. Rossion B. Twenty years of investigation with the
case of prosopagnosia PS to understand human face
identity recognition. Part II: Neural basis. Neuropsy-
chologia. 2022;173:108279, doi:10.1016/j.neuropsychologia.
2022.108279.

20. Rossion B. Twenty years of investigation with the case of
prosopagnosia PS to understand human face identity recog-
nition. Part I: Function.Neuropsychologia. 2022;173:108278,
doi:10.1016/j.neuropsychologia.2022.108278.

21. Lavallée MM, Gandini D, Rouleau I, et al. A qualita-
tive impairment in face perception in Alzheimer’s disease:
Evidence from a reduced face inversion effect. Caramelli
P, ed. J Alzheimer’s Dis. 2016;51(4):1225–1236, doi:10.3233/
JAD-151027.

22. Bullimore MA, Bailey IL, Wacker RT. Face recognition
in age-related maculopathy. Investig Ophthalmol Vis Sci.
1991;32(7):2020–2029.

23. Elliott DB, Patla A, Bullimore MA. Improvements in clin-
ical and functional vision and perceived visual disability
after first and second eye cataract surgery. Br J Ophthalmol.
1997;81(10):889–895, doi:10.1136/bjo.81.10.889.

24. Hirji SH, Hood DC, Liebmann JM, Blumberg DM. Association
of patterns of glaucomatous macular damage with contrast
sensitivity and facial recognition in patients with glau-
coma. JAMA Ophthalmol. 2021;139(1):27–32, doi:10.1001/
jamaophthalmol.2020.4749.

25. Logan AJ, Gordon GE, Loffler G. The effect of age-related
macular degeneration on components of face perception.
Invest Ophthalmol Vis Sci. 2020;61(6):38, doi:10.1167/iovs.
61.6.38.

26. Taylor DJ, Smith ND, Binns AM, Crabb DP. The effect of
non-neovascular age-related macular degeneration on face
recognition performance. Graefe’s Arch Clin Exp Ophthal-
mol. 2018;256(4):815–821, doi:10.1007/s00417-017-3879-3.

27. Cattaneo Z, Vecchi T, Monegato M, Pece A, Merabet LB,
Carbon CC. Strabismic amblyopia affects relational but
not featural and Gestalt processing of faces. Vision Res.
2013;80:1–12, doi:10.1016/j.visres.2013.01.007.

28. de Heering A, Maurer D. Face memory deficits in patients
deprived of early visual input by bilateral congenital
cataracts. Dev Psychobiol. 2014;56(1):96–108, doi:10.1002/
dev.21094.

29. Rossion B, Retter TL, Liu-Shuang J. Understanding human
individuation of unfamiliar faces with oddball fast peri-
odic visual stimulation and electroencephalography. Eur J
Neurosci. 2020;52(10):4283–4344, doi:10.1111/ejn.14865.

30. Lochy A, Van Reybroeck M, Rossion B. Left cortical
specialization for visual letter strings predicts rudimentary

Downloaded from iovs.arvojournals.org on 04/21/2023

http://doi.org/10.1016/j.neuropsychologia.2013.10.022
http://doi.org/10.1016/j.neuropsychologia.2014.11.007
http://doi.org/10.1016/S0733-8619(02)00104-4
http://doi.org/10.1111/cxo.12086
http://doi.org/10.1080/02713683.2020.1809003
http://doi.org/10.1136/jnnp.58.3.350
http://doi.org/10.1007/s10633-020-09770-3
http://doi.org/10.1111/j.1475-1313.2008.00591.x
http://doi.org/10.3390/s20195542
http://doi.org/10.1007/s10633-016-9553-y
http://doi.org/10.1093/brain/57.4.355
http://doi.org/10.1016/0013-4694(66)90088-5
http://doi.org/10.1016/0042-6989(85)90217-2
http://doi.org/10.1167/11.2.16
http://doi.org/10.1016/j.neuropsychologia.2018.01.044
http://doi.org/10.1162/jocn10a1001126
http://doi.org/10.1016/j.neuroimage.2019.01.023
http://doi.org/10.1016/j.neuropsychologia.2022.108279
http://doi.org/10.1016/j.neuropsychologia.2022.108278
http://doi.org/10.3233/JAD-151027
http://doi.org/10.1136/bjo.81.10.889
http://doi.org/10.1001/jamaophthalmol.2020.4749
http://doi.org/10.1167/iovs.61.6.38
http://doi.org/10.1007/s00417-017-3879-3
http://doi.org/10.1016/j.visres.2013.01.007
http://doi.org/10.1002/dev.21094
http://doi.org/10.1111/ejn.14865


Spatial Resolution Evaluation With EEG Activity IOVS | March 2023 | Vol. 64 | No. 3 | Article 17 | 12

knowledge of letter-sound association in preschoolers. Proc
Natl Acad Sci USA. 2016;113(30):8544–8549, doi:10.1073/
pnas.1520366113.

31. van de Walle de Ghelcke A, Rossion B, Schiltz C, Lochy
A. Impact of learning to read in a mixed approach on
neural tuning to words in beginning readers. Front Psychol.
2020;10:3043, doi:10.3389/fpsyg.2019.03043.

32. Liu-Shuang J, Torfs K, Rossion B. An objective electro-
physiological marker of face individualisation impairment
in acquired prosopagnosia with fast periodic visual stim-
ulation. Neuropsychologia. 2016;83:100–113, doi:10.1016/j.
neuropsychologia.2015.08.023.

33. Hemptinne C, Liu-Shuang J, Yuksel D, Rossion B. Rapid
objective assessment of contrast sensitivity and visual acuity
with sweep visual evoked potentials and an extended elec-
trode array. Invest Ophthalmol Vis Sci. 2018;59(2):1144–
1157, doi:10.1167/iovs.17-23248.

34. Quek GL, Liu-Shuang J, Goffaux V, Rossion B. Ultra-
coarse, single-glance human face detection in a dynamic
visual stream. Neuroimage. 2018;176:465–476, doi:10.1016/
j.neuroimage.2018.04.034.

35. van de Walle de Ghelcke A, Rossion B, Schiltz C, Lochy A.
Developmental changes in neural letter-selectivity: A 1-year
follow-up of beginning readers. Dev Sci. 2021;24(1):e12999,
doi:10.1111/desc.12999.

36. Barzegaran E, Norcia AM. Neural sources of letter and
Vernier acuity. Sci Rep. 2020;10(1):15449, doi:10.1038/
s41598-020-72370-3.

37. Brysbaert M. How many words do we read per minute?
A review and meta-analysis of reading rate. J Mem Lang.
2019;109:104047, doi:10.1016/j.jml.2019.104047.

38. Legge GE, Bigelow CA. Does print size matter for reading?
A review of findings from vision science and typography. J
Vis. 2011;11(5):8–8, doi:10.1167/11.5.8.

39. Costen NP, Parker DM, Craw I. Spatial content and
spatial quantisation effects in face recognition. Perception.
1994;23(2):129–146, doi:10.1068/p230129.

40. Yan X, Goffaux V, Rossion B. Coarse-to-Fine(r) automatic
familiar face recognition in the human brain. Cereb Cortex.
2022;32(8):1560–1573, doi:10.1093/cercor/bhab238.

41. Whiting S, Jan JE, Wong PKH, Flodmark O, Farrell K,
McCormick AQ. Permanent cortical visual impairment in
children.Dev Med Child Neurol. 1985;27(6):730–739, doi:10.
1111/j.1469-8749.1985.tb03796.x.

42. AAPOS. Cortical visual impairment. https://aapos.org/glo-
ssary/cortical-visual-impairment. Published 2019. Accessed
November 4, 2021.

43. Saidkasimova S, Bennett DM, Butler S, Dutton GN. Cognitive
visual impairment with good visual acuity in children with
posterior periventricular white matter injury: A series of
7 cases. J AAPOS. 2007;11(5):426–430, doi:10.1016/j.jaapos.
2007.04.015.

44. Chandna A, Ghahghaei S, Foster S, Kumar R. Higher
visual function deficits in children with cerebral visual
impairment and good visual acuity. Front Hum Neurosci.
2021;15(711873):711873, doi:10.3389/fnhum.2021.711873.

45. Duchaine B, Yovel G. A revised neural framework for face
processing. Annu Rev Vis Sci. 2015;1:393–416, doi:10.1146/
annurev-vision-082114-035518.

46. Grill-Spector K, Weiner KS, Kay K, Gomez J. The functional
neuroanatomy of human face perception. Annu Rev Vis
Sci. 2017;3:167–196, doi:10.1146/annurev-vision-102016-
061214.

47. Haxby J V., Hoffman EA, Gobbini MI. The distributed
human neural system for face perception. Trends Cogn Sci.
2000;4:223–233, doi:10.1016/S1364-6613(00)01482-0.

48. Rossion B. Face perception. In: Toga AW, ed. Brain
Mapping: An Encyclopedic Reference, Vol. 2. Cambridge,
MA: Academic Press, Elsevier; 2015:515–522.

49. Kanwisher N, McDermott J, Chun MM. The fusiform face
area: A module in human extrastriate cortex specialized
for face perception. J Neurosci. 1997;17:4302–4311, doi:10.
1523/jneurosci.17-11-04302.1997.

50. Rossion B, Jacques C, Jonas J. Mapping face categorization
in the human ventral occipitotemporal cortex with direct
neural intracranial recordings. Ann N Y Acad Sci. 2018:5–
24, doi:10.1111/nyas.13596.

51. Wandell BA. The neurobiological basis of seeing words.Ann
N Y Acad Sci. 2011;1224:63–80, doi:10.1111/j.1749-6632.
2010.05954.x.

52. Taylor JSH, Rastle K, Davis MH. Can cognitive models
explain brain activation during word and pseudoword read-
ing? A meta-analysis of 36 neuroimaging studies. Psychol
Bull. 2013;139:766–791, doi:10.1037/a0030266.

53. Schuster S, Hawelka S, Richlan F, Ludersdorfer P, Hutzler
F. Eyes on words: A fixation-related fMRI study of the left
occipito-temporal cortex during self-paced silent reading
of words and pseudowords. Sci Rep. 2015;5:12686, doi:10.
1038/srep12686.

54. Lochy A, Jacques C,Maillard L, Colnat-Coulbois S, Rossion B,
Jonas J. Selective visual representation of letters and words
in the left ventral occipito-temporal cortex with intracere-
bral recordings. Proc Natl Acad Sci USA. 2018;115(32):7595–
7604, doi:10.1073/pnas.1718987115.

Downloaded from iovs.arvojournals.org on 04/21/2023

http://doi.org/10.1073/pnas.1520366113
http://doi.org/10.3389/fpsyg.2019.03043
http://doi.org/10.1016/j.neuropsychologia.2015.08.023
http://doi.org/10.1167/iovs.17-23248
http://doi.org/10.1016/j.neuroimage.2018.04.034
http://doi.org/10.1111/desc.12999
http://doi.org/10.1038/s41598-020-72370-3
http://doi.org/10.1016/j.jml.2019.104047
http://doi.org/10.1167/11.5.8
http://doi.org/10.1068/p230129
http://doi.org/10.1093/cercor/bhab238
http://doi.org/10.1111/j.1469-8749.1985.tb03796.x
https://aapos.org/glossary/cortical-visual-impairment
http://doi.org/10.1016/j.jaapos.2007.04.015
http://doi.org/10.3389/fnhum.2021.711873
http://doi.org/10.1146/annurev-vision-082114-035518
http://doi.org/10.1146/annurev-vision-102016-061214
http://doi.org/10.1016/S1364-6613(00)01482-0
http://doi.org/10.1523/jneurosci.17-11-04302.1997
http://doi.org/10.1111/nyas.13596
http://doi.org/10.1111/j.1749-6632.2010.05954.x
http://doi.org/10.1037/a0030266
http://doi.org/10.1038/srep12686
http://doi.org/10.1073/pnas.1718987115

