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Behavioral/Cognitive
Oculomotor Contributions to Foveal Crowding
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Crowding, the phenomenon of impaired visual discrimination due to nearby objects, has been extensively studied and linked to
cortical mechanisms. Traditionally, crowding has been studied extrafoveally; its underlying mechanisms in the central fovea, where
acuity is highest, remain debated. While low-level oculomotor factors are not thought to play a role in crowding, this study shows
that they are key factors in defining foveal crowding. Here, we investigate the influence of fixational behavior on foveal crowding and
provide a comprehensive assessment of the magnitude and extent of this phenomenon (N =13 human participants, four males).
Leveraging on a unique blend of tools for high-precision eyetracking and retinal stabilization, we show that removing the retinal
motion introduced by oculomotor behavior with retinal stabilization, diminishes the negative effects of crowding. Ultimately, these
results indicate that ocular drift contributes to foveal crowding resulting in the same pooling region being stimulated both by the
target and nearby objects over the course of time, not just in space. The temporal aspect of this phenomenon is peculiar to crowding

at this scale and indicates that the mechanisms contributing to foveal and extrafoveal crowding differ.
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Significance Statement

-

Foveated stimuli are often crowded. The effects of crowding have been extensively studied in the visual periphery and are
thought to have a cortical origin. Nonetheless, foveal crowding mechanisms remain elusive. Here, we show that acuity drops
by two lines on a Snellen Chart when flankers surround a stimulus presented at the very center of gaze. Further, at this scale,
crowding cannot be regarded as a purely cortical phenomenon. Because foveal neurons’ receptive fields are the smallest, eye
jitter during fixation introduces spatial uncertainty by sweeping target and surrounding distractors over the same cortical
pooling region even during short fixation periods, exacerbating crowding effects.

J

Introduction

Imagine driving in a busy urban street: the visual system is over-
whelmed by a complex and crowded scene including traffic signs,
cars approaching at different speeds, pedestrian crossings, and
bicycles coming from all sides. Often, in this familiar situation,
stimuli are closely packed together. This makes it challenging
for the visual system to focus on individual elements and identify
relevant information. One phenomenon that makes this scenario
particularly taxing is known as visual crowding. Even if an object
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can be accurately identified in isolation, when it is surrounded by
similar-looking stimuli (flankers), visual discrimination is signifi-
cantly impaired. Crowding occurs in most everyday visual tasks
such as reading, visual search, and driving. The study of crowding
has a long history (Bouma, 1970; Andriessen and Bouma, 1976),
with some early studies dating back to 1923 (Korte, 1923), and
early reports dating back as far as 1684 (Strasburger and Wade,
2015). It is now well known that discrimination abilities decrease
when the space between optotypes decreases (even when they do
not overlap), and stimulus discriminability gets progressively
more difficult as stimuli are presented at increasing eccentricities.
Together, these effects are described under the umbrella of the
Bouma’s Law (Bouma, 1970; Pelli, 2008).

While the study of crowding has traditionally focused on par-
afoveal and peripheral vision (Whitney and Levi, 2011), the input
to the area immediately surrounding the center of gaze is often
crowded (Fig. 1A). This region of the visual field projects onto
a retinal region known as the foveola. The foveola is of para-
mount importance for vision; it spans only 1° in size, it is free
of capillaries and rods, and it is characterized by the highest
cone density, allowing for high visual resolution (Curcio et al.,
1990; Kolb et al.,, 1995). Understanding how crowding works at
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this scale can yield valuable insights into the mechanisms under-
pinning visual acuity in more natural conditions. Yet, foveal
crowding is little studied.

Notably, the study of foveal crowding in healthy observers has
been marked by conflicting results and interpretations. Some
studies reported the absence of crowding within the fovea (He
et al., 1975; Strasburger et al., 1991), while others provided evi-
dence supporting its existence (Flom et al., 1963; Danilova and
Bondarko, 2007; Siderov et al., 2013; Pelli et al., 2016).
However, some of these latter studies were questioned (Hess et
al., 2000), and it was argued that the reported effects could be
attributed to optical blur, which would cause stimuli to overlap
on the retina even if they are physically separated in space, induc-
ing a masking effect (Levi, 2008; Coates et al., 2018). Using an
Adaptive Optics Scanner Laser Opthalmoscope to bypass the
eye’s optics and present aberration-free stimuli directly on the
retina, a recent study showed that crowding occurs in the foveola
(Coates et al., 2018). Although it is now increasingly accepted
that crowding affects vision even at the very center of gaze where
acuity is highest, its contributing factors remain unclear.

According to the dominant view, crowding is the result of
integration/pooling of visual information over a region beyond
the bounds of the target object; crowding occurs when the
same pooling region is simultaneously stimulated by a flanker
and a target (Parkes et al., 2001; Pelli et al., 2004; Pelli, 2008;
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Greenwood et al., 2009; Rosenholtz et al., 2019). These pooling
regions grow linearly with eccentricity (Bouma, 1970), which
explains why the effects of crowding increase with eccentricity,
and how increasing the spacing between the target and flanker
can alleviate crowding effects (Toet and Levi, 1992; Pelli et al,,
2004). Further, crowding is modulated by specific stimulus fea-
tures (color, shape, likeness) (Bernard and Chung, 2011), and
it is likely a combination of an increase of positional uncertainty,
source confusion, and featural averaging (Harrison and Bex,
2017). Notably, not all flankers cause crowding; it has been
shown that in certain instances, the target perceptually un-pairs
from the flankers effectively leading to uncrowding (Herzog,
2022), suggesting that crowding is the result of grouping mecha-
nisms rather than purely pooling, and also relies on the similarity
of the flankers (Manassi et al., 2012). In either case, crowding is
considered a fundamentally cortical phenomenon (but see
Rodriguez and Granger, 2021). It is however not clear if the
same mechanisms could be responsible for crowding in the cen-
tral fovea where pooling may happen to a lesser extent and other
factors like fixational eye movements may play a role.
Although recent evidence supports the idea that the retinal
motion introduced by large eye movements (i.e., saccades) shapes
some aspects of peripheral crowing (Nandy and Tjan, 2012),
studies on crowding generally assume that the image on the ret-
ina remains still, or retinal motion is negligible during fixation.

WFlankers  MTarget

Foveal
C Q RGCs RFs
Foveal RGCs RFs Stimulated by Target and Flankers

With Ocular Drift
(Natural Viewing)

Without Ocular Drift

300 Cones Stimulated in Total

3
ey

971 Cones Stimulated in Total

2
‘eg

o= el e ey
1.0
0.8
06
04
02

by the target and either of the flankers
o

10 arcmin .
|

Probability of each cone being stimulated both

Foveal crowding and the retinal modulations introduced by ocular drift. (4) An example of everyday crowding. While crowding has been mostly studied in the visual periphery,

often, as shown here, the input to the central fovea is also cluttered with objects. (B) An example of a typical drift during a 500 ms fixation period. (€) Whereas in the absence of retinal motion
the same set of RFs are stimulated by the visual input throughout fixation, as a result of the physiological instability of the eye, a larger number of foveal RGC RFs/cones are stimulated by the
same object (in this example a 5’ x 5 stimulus surrounded by flankers with 1.5’ edge-to-edge spacing, over a 500 ms time period). An eye movement trace from a representative observer in the
main experiment was used. Colored regions mark the RGC RFs stimulated by flankers and target, respectively. (D) Probability of each foveal cone being stimulated by both the target and flanker
across time. In the absence of retinal motion (left), no cones are stimulated by both the target and flanker as they remain spatially segregated. However, with the introduction of eye jitter, the
total number of stimulated cones increases from 300 to 971 and a significant number of cones (25% of the stimulated cones) have high probability of being stimulated by both target and either
of the flankers. These estimates have been obtained by recording ocular drift at high resolution with a digital Dual Purkinje-Image (DPI) eyetracker and by shifting the same stimulus used in C
according to the recorded drift motion, over the cone mosaic of the observer's 1 deg retinal region around the preferred retinal locus. The estimates are averages across 500 drift segments of 500
ms each. The retinal image was acquired using a high-resolution Adaptive Optics Scanning Laser Ophthalmoscope (Roorda et al., 2002).
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As a result, often observers’ eye movements during crowding
experiments are not recorded. However, the eye is in constant
motion even during fixation. This motion is mostly the result
of microsaccades and ocular drift (Steinman, 2003; Cherici et
al., 2012; Ratnam et al., 2017; Poletti, 2023). Ocular drift in par-
ticular continually shifts the retinal projection of stimuli across
many photoreceptors in the fovea. Extrafoveally, the motion
introduced by ocular drift likely does not have an impact on
crowding, it is smaller compared to the size of the pooling
regions, and as a result, it does not move stimuli across separate
pooling regions. However, this motion cannot be ignored when
examining crowding at the center of gaze where Retinal
Ganglion Cells (RGCs) Receptive Fields (RFs) and potential
pooling regions are much smaller. This motion, although seem-
ingly negligible, causes the stimulus to traverse multiple foveolar
cones and RGC RFs within the short time frame of a fixation
(=~ 500 ms) (Fig. 1B-C).

One way ocular drift may influence foveal crowding is by
shifting RGCs RFs on both the flanker and target over time dur-
ing the course of fixation. Even if at each instant in time target
and flankers do not stimulate the same RF, a RF that initially is
stimulated by a flanker may later, during fixation, be stimulated
by the target too as a consequence of ocular drift sweeping stimuli
across the central fovea over time (Fig. 1D). When considering a
typical pattern of ocular drift and an average cone size at the pre-
ferred locus of fixation (Curcio et al., 1990), we estimate that for
stimuli near the acuity limit, 5 in size, and flanker edge-to-edge
spacing ranging from 1’ to 3’ on average 42.3% + 18.5% of
cones stimulated by the target are also stimulated by the flankers,
potentially increasing perceptual uncertainty in target identification.

The role of oculomotor behavior in foveal crowding, an
important but neglected component, remains uncharted terri-
tory. In this study, we bridge this knowledge gap by assessing
the magnitude and the extent of crowding at the center of gaze
and the impact of ocular drift. With a unique blend of tools
allowing for higher resolution in recording eye movements and
higher accuracy in localizing the line of sight (Fig. 2A) (Santini
et al., 2007; Ko et al., 2016; Wu et al., 2023); here, we show that
ocular drift plays an important role in foveal crowding, and
that at this scale, crowding is not a purely cortical phenomenon.

Methods and Materials

Observers

Thirteen adult observers with normal vision participated in this study,
including twelve naive subjects and one experienced observer who is
an author of the study. Participants consisted of four males and nine
females, with ages ranging from 18 to 25 years old. With the exception
of the author, all subjects had emmetropic vision and did not require
any corrective measures to achieve a minimum Snellen acuity of 20/20.
The author of the study wore corrective contact lenses. Seven observers
took part in the retinal stabilization experiment. Ethical approval for this
research study was obtained from the University of Rochester’s Research
Subjects Review Board. Prior to participating in the study, subjects
underwent an initial screening session where they were provided with
a comprehensive explanation of the experiment and had the opportunity
to review the materials in the consent form in detail. Informed consent
was obtained from each subject after they demonstrated their under-
standing of the study and verbally agreed to participate. The consent pro-
cess was properly documented for each participant.

Experimental setup
Eye movements in the main experiment were recorded with high preci-
sion either by means of a Generation 6 DPI eye tracker (Fourward
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Technologies), with a 1 kHz sampling rate (Crane and Steele, 1985; Ko
et al., 2016), or by means of custom-made digital dual Purkinje Image
( dDPI) eye tracker, with a sampling rate of 340 Hz (Wu et al,, 2023).
Both systems have an internal noise well below 1’ and a spatial resolution
of at least 1’ (Crane and Steele, 1985; Ko et al., 2016; Wu et al., 2023). To
reduce noise and achieve higher precision in the eyetracking signal, the
head was immobilized by means of a dental-imprint bite bar and head-
holder. Stimuli were shown on an LCD monitor (ASUS PG258Q), with a
vertical refresh rate of 200 Hz, and a spatial resolution of 1920 x 1080
pixels. The monitor was either 3 or 5 m away from the observer
(1 pixel=0.25" and 1 pixel =0.19', respectively).

Stimuli and apparatus

Stimuli were presented monocularly to the right eye while the left eye
was patched. Stimuli consisted of 3, 5, 6, and 9 digits from the Pelli
number-font (Pelli et al., 2016). These targets are designed specifically
for studying crowding in the fovea, and it has been shown that the critical
spacing is independent from the spacing-to-size ratio used for this font
(Pelli et al.,, 2016). Consistent with Pelli et al. (2016) we show that
when using the Pelli’s font, critical spacing remains constant across a
range of different size-to-spacing ratios (1.2, 1.4, 1.5, and 1.8 times the
stimulus width) (Fig. 3).

In the main experiment, the stimulus was either presented in an
uncrowded (the target number was presented in isolation) or crowded
(the target number was surrounded by other digits in Pelli font) condi-
tion (Fig. 2B). In an effort to avoid facilitation effects, in the crowded con-
dition, horizontal flankers never matched the target number and were
never the same on both sides of the target. All targets were presented
at maximum contrast in black text on a uniform gray background at
the center of the display. The central region of the display where the
stimuli appeared was highlighted by presenting four peripheral arches
for the 400 ms before the stimulus appeared and during the 500 ms the
stimulus was displayed. Stimuli were rendered by means of EyeRIS
(Santini et al., 2007), a custom-developed system allowing flexible gaze-
contingent display control. This system acquires eye movement signals
from the eye-tracker, processes them in real time and, if necessary,
then updates the stimulus on the display according to the desired com-
bination of estimated oculomotor variables.

Visual acuity was calculated both as units of stimulus width
(arcminutes) and as minimum angle of resolution (MAR). To convert
Pelli digits to MAR, instead of taking 1/5 of the stimulus width as with
the tumbling E, MAR was defined as 1/2 of the stimulus strokewidth
(Pelli et al., 2016). Therefore, an optotype that was 2’ wide would corre-
spond to the 20/20 Snellen MAR line.

Calibration procedure

Data were collected by means of multiple experimental sessions. Each
session lasted approximately 1 h, and each subject completed on average
8 sessions. Every session started with preliminary setup operations that
lasted a few minutes, involving comfortably positioning the observer in
the apparatus, tuning the eye tracker for optimal performance, and exe-
cuting a two-step gaze-contingent calibration procedure to map the eye
tracker’s output into visual angle. This procedure improves localization
of the preferred retinal locus of fixation by approximately one order of
magnitude over standard methods (Poletti and Rucci, 2016). In the
first phase (automatic calibration), observers sequentially fixated on
each of the nine points of a 3 x 3 grid, as it is standard in oculomotor
experiments. Points in the grid were 1° or 1.25° apart from each another
on the horizontal axes, and 40" or 50" on the vertical axes (varying based
on screen distance). In the second phase (manual calibration), observers
confirmed or refined the mapping given by the automatic calibration by
fixating again on each of the nine points of the grid while the location of
the line of sight, estimated on the basis of the automatic calibration was
displayed in real time on the screen. Observers used a joypad to fine-tune
the estimated gaze location if necessary. The manual calibration proce-
dure was repeated for the central position before each trial to compensate
for possible microscopic head movements and system drift that may
occur even on a bite bar.
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Experimental paradigm
Once the subject initiated the trial, a brief 10" x 10’ fixation point was pre-
sented at the center of the screen to clearly identify the location where the
stimuli would appear. A 400 ms delay period followed the blank screen to
avoid any after effects from the fixation point. The target was then pre-
sented. Subjects were asked to identify the stimulus, choosing among
four possible digits, by pressing a button on a remote controller.
Target acuity and critical spacing were determined by following the
parametric estimation by sequential testing (PEST) procedure (Taylor
and Creelman, 1967), according to which, both size and spacing of
flankers (in the crowded condition) are changed online based on
subject’s performance using a spacing-to-size ratio of 1.4. Spacing sizes
tested varied from 0.19'-1.60" edge-to-edge.

Retinal stabilization

In the experiment using retinal stabilization (Fig. 6), eye movements
were recorded with a dDPI eyetracker with a sampling rate of 1000 Hz
(Wu et al,, 2023). Stimuli were shown on a LCD monitor (ASUS
PG259QN), with a vertical refresh rate of 240 Hz, and a spatial resolution
of 1920 x 1080 pixels. The monitor was placed 5 m away from the
observer (1 pixel=0.19, respectively). The average system rendering
time was 2.8 ms.

In the stabilized condition, the entire array of stimuli moved on the
monitor to compensate for subject’s eye movements using EyeRIS
(Santini et al., 2007), a custom-made system for gaze-contingent display
control. We examined the effect of varying critical spacing after finding
the threshold stimulus size for each subject. Stimuli were sized for each
individual subject and condition to yield a performance of #75% correct
responses. To ensure good stabilization, trials with blinks, saccades,
microsaccades, or poor quality tracking were discarded. Based the system
rendering latency, we estimated the average residual motion on the retina
across subjects to be 1.5" + 2’ on the horizontal axis and 1.3’ £0.9" on the
vertical axis.

Data analysis

Eye movements

Eye movements were categorized into two main groups: saccades
(including microsaccades) and ocular drift. Ocular motion in between
saccades was defined as drift. Classification of these eye movements
was first performed automatically, then thoroughly reviewed by an
expert experimenter. Trials containing saccades, blinks and/or bad track-
ing during stimulus presentation were removed. Furthermore, trials in
which subjects did not respond or gaze was more than 30’ from the
center fixation point at the beginning of the trial were also removed
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(on average 8% + 8% in the uncrowded condition and 15% + 12%
in the crowded condition).

Determination of cone stimulation

In Figure 1C, a theoretical foveal cone mosaic was used. Each cone was
0.5" in size, which approximately matches with the average cone size at
the preferred retinal locus across subject (Curcio et al., 1990). Flankers
and target at the threshold size were overlaid on the theoretical cone
mosaic for each observer. Motion of the stimuli on the mosaic was based
on the individual subject’s eye traces. For the stimulated cones we then
determined the probability of a cone being stimulated by both the target
and either of the flankers over time. Probabilities were calculated at the
individual trial level and then averaged across trials. In Figure 1D, instead
of using a theoretical cone mosaic, we used the actual foveal cone mosaic
for one of the subjects.

Estimation of strokewidth thresholds and critical spacing
Strokewidth threshold, i.e., the minimum stimulus width required to per-
form reliably above chance level (62.5% correct, with a 25% chance
level), was determined using a cumulative Gaussian psychometric func-
tion (Wichmann and Hill, 2001). The critical spacing estimates in the
crowded condition were measured based on the distance from the center
of the target to the center of one of the neighboring horizontal flankers.
Statistics were run using MATLAB’s available toolboxes. All data and
MATLAB scripts used to create the figures in the manuscript have been
uploaded onto the Open Science Framework repository.

Results

To investigate crowding in the foveola, we first measured acuity
thresholds in 13 individuals with isolated targets in the
uncrowded condition. Acuity was then measured again when
flankers surrounded the target in the crowded condition
(Fig. 2). Stimuli consisted of digits in Pelli’s font (Pelli et al,
2016), a font specifically designed for this purpose as it allows
for smaller flankers spacing while preserving acuity. Because
this font has an aspect ratio of 1:5 (width:height), acuity is deter-
mined based on the width of the stimulus (here referred to as
strokewidth), and crowding is primarily determined by the spac-
ing of the horizontal flankers. Therefore, crowding effects
reported here are referred to the horizontal spacing of flankers.
Stimulus size changed adaptively based on a PEST procedure
(Taylor and Creelman, 1967) and ranged in width from 0.3" to
4" (and 1.5-20" vertically). In the crowded condition, the
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Experimental Setup and Paradigm. () A digital Dual Purkinje Image eyetracker was used to measure eye motion (Wu et al., 2023). (B) Subjects were instructed to identify

high-acuity stimuli presented at the center of the display for 500 ms. Stimuli appeared after a brief period of fixation followed by a 400 ms period in which the display was blank to avoid
possible after effects of the central fixation dot. Stimuli, digits in Pelli font (Pelli et al., 2016), varied in size from 0.3’ to 4. Observers were asked to identify the central digit (the target) among
four possible choices. See also Figure 3 showing that with the stimuli used in this experiment critical spacing is constant across a range of different spacing-to-size ratios.
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Figure 3.  Threshold Spacing for different spacing-to-size ratios. In the main experimental

setup flanker spacing was a multiple of the stimulus stroke-width. For example, a
spacing-to-size ratio of 1.2 indicates that flanker spacing corresponded to the stimulus stro-
kewidth multiplied by 1.2. Here we replicate Pelli et al. (2016) findings, according to which,
critical center-to-center spacing remains constant across a range of different spacing-to-size
ratios. The same experimental setup as the main experiment was used, with the exception of
eyetracking. Different spacing-to-size ratios were tested in blocks. Black dots represent across
subjects averages with standard errors and gray dots represent individual subjects (N =9). As
illustrated in this graph, threshold spacing was independent from the spacing-to-size ratio
used. Similarly to Pelli et al. (2016), for each observer, we fit a linear regression line for
the thresholds measured at each spacing-to-size ratio tested. We find that spacing thresholds
and spacing-to-size ratios yield an average slope near 0 (b = 0.005).

center-to-center spacing varied, together with stimulus size, from
0.4'-5.6 with a spacing-to-size ratio of 1.4 applied separately on
each axis based on the width and height of the target, respectively,
as in Pelli et al. (2016). Notably, when using this font, foveal
crowding effects are constant across a range of spacing-to-size
ratios (Pelli et al., 2016) (Fig. 3). Subjects were asked to determine
the identity of a briefly presented digit among four possible
choices (Fig. 2B). Fixational eye movements were recorded using
a high-precision Dual Purkinje Image eyetracker (Crane and
Steele, 1985; Ko et al., 2016; Wu et al., 2023) coupled with a sys-
tem for gaze contingent display control (Santini et al., 2007).
Together, these systems enable not only high-precision record-
ings of fixational eye movements, but also a more accurate local-
ization of the line of sight compared to commercial video
eye-trackers (Poletti and Rucci, 2016).

On average, in the uncrowded condition, subjects required
a stimulus width of 1.67 to perform above chance level
(Fig. 4A), approximately equivalent to 20/12 on the MAR acuity
chart (see methods for details). Acuity thresholds were higher,
ie, worse acuity, for all subjects in the crowded condition
(Fig. 4B). When the stimulus was crowded, acuity decreased to
20/22, i.e stimulus size was doubled (2.2" stimulus width) (Figs.
4B-C and 5, P<0.0001, paired two-tailed t-test, the effect size,
as measured by Cohen’s d, was d=1.10). Hence, surrounding a
stimulus with flankers has the immediate impact of decreasing
visual acuity by approximately 2 lines on the Snellen eye chart.
The critical spacing along the vertical meridian was 11’, however,
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as mentioned earlier, the horizontal flankers constitute the main
limiting factor for crowding when using stimuli in Pelli’s font,
hence, further analyses focused on the horizontal rather than
the vertical spacing. When comparing the percentage of correct
responses for stimuli of the same size in both the uncrowded
and crowded conditions, we observed a significant drop in
performance. On average, there was a 26% + 11% decrease in
correct responses, with performance declining from 76% in the
uncrowded condition to 48% in the crowded condition
(Fig. 4D, P<0.0001, paired two-tailed t-test, d=2.18). We also
assessed the extent of crowding by measuring threshold spacing
between the target and flankers. As illustrated in Figure 4C, for
individuals with normal vision, to perceive a crowded stimulus
with the same clarity as an isolated stimulus, the center-to-center
distance between the flankers and the stimulus needs to be of at
least ~3.1' £ 0.55'.

Importantly, retinal projections of stimuli during the task
were constantly moving as a result of fixational eye movements.
Because stimuli were already presented at the center of gaze and
their size was in the order of a few arcminutes, the rate of micro-
saccades, which are used to precisely recenter the stimuli on the
preferred locus of fixation (Intoy and Rucci, 2020; Poletti, 2023),
was low (approximately 15% + 12% of trials had microsac-
cades). Hence stimuli in the task were mostly modulated by ocu-
lar drift, the constant jitter of the eye resembling a random walk
(Steinman and Collewijn, 1980; Rucci et al., 2007; Cherici et al.,
2012). As illustrated in Figure 1C, during fixation, ocular drift
moves RGC RFs so that over time the same RF may be stimulated
both by the flanker and the target stimulus, even if the two never
stimulate the same cell simultaneously. This is likely a source of
perceptual uncertainty. Notably, because of the stimulus design,
in this study perceptual uncertainty is primarily related to the
retinal motion of the horizontal flankers and the contribution
of the vertical flankers motion is negligible. Although many stud-
ies assess crowding using only horizontal flankers, it is known
that the effects of crowding worsen when increasing the number
of surrounding flankers (Pdder, 2012). At the foveal scale, it is
possible that, when using standard optotypes as stimuli, increas-
ing the number of flankers further exacerbates the effect of ocular
drift on foveal crowding. As drift moves in all directions over
many fixations, the addition of vertical flankers will increase
the probability of a receptive field being stimulated both by the
target and a flanker over time.

Therefore, if ocular drift contributes to foveal crowding, then
we expect that removing the retinal motion introduced by
fixational eye movements reduces critical spacing. More specifi-
cally, when stimuli are maintained approximately at the same
retinal location throughout the viewing time, crowding effects
should decrease. To test this prediction, we used a technique
known as retinal stabilization to maintain stimuli at the same ret-
inal location during the task (Fig. 6A, see methods for detail). In
this condition, the probability of the same cone being stimulated
both by the target and the flanker over time is very low and only
due to the residual retinal motion introduced by stabilization
errors.

Subjects’ acuity in the stabilized condition was determined
using the same adaptive procedure as in the main experiment.
Based on the psychometric fits, we determined the stimulus
size that would yield a performance of ~75% correct responses
for each condition (stabilized vs. unstabilized) separately when
the stimulus was viewed in isolation. Stimuli in the crowded con-
dition were maintained at this fixed size throughout the task,
while flankers spacing varied between 0.25 and 2 times the
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fits were based on and individual threshold comparisons between crowded and uncrowded psychometric fits. Dashed lines indicate the stimulus size width required to perform at threshold
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stimulus width. Consistent with previous work (Rucci et al., 2007;
Intoy and Rucci, 2020), for isolated stimuli, a larger strokewidth
value was necessary in the stabilized condition (i.e., worse acuity)
for performance to be comparable to the unstabilized condition
(paired t-test, P=0.0074, d = 0.76, see Fig. 6B). Therefore, stimu-
lus size was larger in the stabilized condition for all subjects.
To account for this acuity change, we expressed spacing
thresholds in nominal spacing (i.e., as a multiplier of the tested
stimulus width), a measure that has been used before when

comparing crowding for stimuli with different sizes (Siderov et
al., 2013). As illustrated in Figure 6C, crowding effects decreased
when the stimulus was stabilized. We found that the nominal
center-to-center spacing and edge-to-edge spacing (Fig. 7A,
also reporting results for center-to-center spacing in arcminutes
B) were smaller in the stabilized condition. Whereas visual acuity
was worse under retinal stabilization, as demonstrated in the ear-
lier studies (Rucci et al., 2007; Ratnam et al., 2017; Intoy and
Rucci, 2020), here we found that stabilization reduced visual
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crowding. These findings emphasize the impact of ocular drift on
foveal crowding; eliminating the retinal motion introduced by
ocular drift, which causes flankers and distractors to stimulate
the same pooling region during fixation, leads to a reduction of

crowding effects. It is important to point out that retinal stabili-
zation did not eliminate visual crowding indicating that, in addi-
tion to ocular drift, both cortical and optical factors still
contribute to this phenomenon.
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Discussion

Traditionally, since neurons integrate information over relatively
long intervals, the fixational motion of the eye has been regarded
as a possible source of smearing and blurring. However, contrary
to this idea, it has long been argued that sensitivity to temporal
changes of luminance could actually enhance fine spatial vision.
This proposal has a long history. Weymouth and colleagues

proposed that these movements might explain sub-cone
Vernier acuity and contribute to overall visual acuity
(Andersen and Weymouth, 1923; Averill and Weymouth,
1925; Weymouth et al., 1928). This idea then evolved into the
so-called dynamic theories of visual acuity (Andersen and
Weymouth, 1923; Marshall and Talbot, 1942; Arend, 1973;
Ahissar and Arieli, 2001; Rucci and Victor, 2015), and recent
technological advances have provided increasing evidence sup-
porting this view (Rucci et al, 2007; Kuang et al, 2012;
Ratnam et al,, 2017; Anderson et al., 2020; Intoy and Rucci,
2020; Clark et al., 2022; Intoy et al., 2024; Witten et al., 2024).
The essence of this proposal is that the motion of the eye, com-
bined with the strong sensitivity of the early visual system to tem-
poral changes, enables encoding of spatial patterns into a
spatiotemporal format (Rucci et al., 2018). In keeping with this
proposal, retinal stabilization experiments showed that when sti-
muli are retinally stabilized acuity drops (Rucci et al., 2007;
Ratnam et al., 2017; Intoy et al., 2024), a finding that has been
replicated in this study in the uncrowded condition. However,
while it is now generally accepted that fixational eye movements
contribute to fine spatial vision, their influence on visual crowd-
ing, which involves mechanisms different from those involved in
acuity, has not been considered.

According to the current theories and models, crowding is
primarily driven by cortical mechanisms in V1 and beyond
(Parkes et al., 2001; Pelli, 2008; Balas et al., 2009; Bi et al,,
2009; Van den Berg et al., 2010). It’s believed that lower-level fac-
tors, such as the eye’s physiological instability during fixation,
don’t affect crowding in the visual periphery. This is because
the spatial region from which visual information is pooled
together at the cortical level is larger than the amount of motion
ocular drift introduces. However, in the central fovea, where
receptive fields are much smaller, ocular drift moves stimuli
over different pooling regions. Yet, to date, the most studies on
foveal crowding do not even record eye movements. Here, we
show that the foveola is not exempt from crowding, that foveal
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crowding is shaped by the retinal consequences of oculomotor
behavior and it is not a purely cortical phenomenon.
Importantly, we show that, whereas retinal stabilization has a
negative impact on acuity, it ameliorates crowding. Again, this
pattern of results cannot be explained by retinal smearing caus-
ing blurring of the stimulus on the retina. According to this
account, both acuity and crowding under retinal stabilization
would improve. However, if the visual system groups together
stimuli that fall within the same crowding pooling region, not
just in space but also in time, when the flankers, moved on the
retina as a result of ocular drift, stimulate the same pooling region
previously stimulated by the target, uncertainty in target identifi-
cation increases. This causes more crowding compared to when
stimuli are viewed under retinal stabilization. Whether or not the
stimulus is viewed in isolation ocular drift enhances stimulus
edges and high spatial frequencies. However, when the stimulus
is surrounded by flankers, enhancing high spatial frequencies
patterns in the stimulus does not improve target visibility (unless
the flankers and the target form a gestalt Herzog et al., 2015)
because ocular drift at the same time introduces uncertainty in
the identity of the target when the same pooling regions are stim-
ulated both by flankers and target over time. Further, our
findings suggest that factors contributing to foveal crowding
may originate as early as the retina, as the impact of ocular drift
on crowding may change depending on individual differences in
receptor spacing.

In the central fovea, the increased probability of the same
receptors being stimulated by both the target and distractors
over time as a result of ocular drift is a determining factor induc-
ing foveal crowding. This is reminiscent of the phenomenon of
temporal crowding reported in the visual periphery (Yeshurun
etal., 2015). Temporal crowding occurs when target and distrac-
tors are presented at the same spatial location in quick succession
at different instances in time. Notably, temporal crowding in the
periphery only influences crowding in specific circumstances, i.e.,
when stimuli in the external world change over time. In the cen-
tral fovea, the similar mechanisms are at play under normal view-
ing conditions. However, rather than stimuli changing physically
over time, they are fixed in space but are continuously being
swept over many foveal cones by fixational eye movements.

Although fixational drift is often ignored in visual crowding
research, studies investigating clinical populations represent a
notable exception. These populations are characterized by an
abnormally large fixational instability (Chung and Bedell, 1995;
Maxwell et al., 1995; Schor and Hallmark, 1978; Zhang et al,,
2008; Gonzalez et al., 2012) (see Verghese et al., 2019 for a
review). Amblyopia, characterized by reduced visual acuity in
one eye, frequently leads to erratic fixations, intensifying crowd-
ing effects (Chung et al., 2015). Similarly, the effects of crowding
are exacerbated in individuals with nystagmus who struggle to
maintain a stable gaze (Pascal and Abadi, 1995; Tailor et al.,
2021). As a result of this abnormal gaze instability, stimuli
move on the retina at higher speeds, and they are quickly brought
away from the preferred locus of fixation, and likely outside the
boundaries of the foveola, where crowding effects are stronger, in
the pauses between saccades (Chung et al., 2015). Here, we show
that even the normal physiological instability of gaze contributes
to visual crowding. Even if ocular drift is small enough to main-
tain the stimuli within the region of the highest acuity in the cen-
tral fovea, this motion naturally introduces uncertainty in target
identification in the presence of surrounding flankers.

The prevailing notion in vision science has traditionally held
that vision within the foveola is relatively flat and uniform

J. Neurosci., November 27, 2024 - 44(48):¢0594242024 - 9

(Hirsch and Curcio, 1989; Marcos and Navarro, 1997; Domdei
et al.,, 2021) and primarily limited by the optics at the front of
the eye (Hirsch and Curcio, 1989). While we observe crowding
at the very center of gaze, an intriguing question remains unan-
swered: does crowding behave uniformly within this highly sen-
sitive region, or does it exhibit variations similar to those
observed in the periphery? Previous work from our lab has high-
lighted that vision is not uniform within this 1° region (Poletti et
al,, 2013; Intoy and Rucci, 2020). However, it remains an open
question whether the magnitude and extent of crowding increase
with larger eccentricities within the 1° foveola, and if so, how the
rate of increase with eccentricity compares to the way crowding
changes extrafoveally. Understanding whether crowding displays
spatial non-uniformities even within the foveola, carries signifi-
cant implications for our comprehension of the underlying
mechanisms of foveal crowding and foveal vision. Further, at
some point, with increasing stimulus eccentricity and with an
increase in receptive fields size, the effects of drift on visual
crowding should become negligible. Ultimately, based on an
individual amount of ocular drift, extent of pooling regions
and acuity thresholds at different eccentricities across the fovea,
it should be possible to predict the eccentricity at which the influ-
ence of ocular drift becomes negligible.

Crowding thresholds in the absence of optical constraints
(Coates et al, 2018) are lower than those reported here.
Therefore, it is likely that under normal viewing conditions crowd-
ing results from a combination of oculomotor behavior and optical
factors. If we were to eliminate both optical constraints and the tem-
poral modulations of ocular drift at the same time, and if no addi-
tional pooling mechanisms are present at this scale, we might
observe a further reduction in critical spacing. This could potentially
lead to crowding spacings as small as 0.5, approximately the spacing
between cone photoreceptors at the preferred retinal locus.

Even though crowding is a phenomenon that reduces acuity,
in natural conditions, crowding may often be advantageous.
Crowding can facilitate perception and extraction of patterns,
ie., textures and gestalts, from the visual input. By using a
Bayesian ideal observer approach model, it has been shown
that crowding can effectively convey information about overall
similar patterns and spatial redundancies of the natural world
(Cicchini et al., 2022). While some features are lost, other features
may be enhanced (this has been observed as a trade-off in color
and motion discrimination tasks Greenwood and Parsons, 2020).
Ultimately, crowding can be considered a mechanism for
efficient exploitation of spatial redundancies of the natural world
(Cicchini et al., 2022). Crowding in the foveola likely serves a
similar role, facilitating fine texture discrimination.

Ultimately, this study shows that the mechanisms driving
crowding in the central fovea are different than those normally
at play in the visual periphery where crowding is primarily the
result of cortical and spatial factors. In the central fovea,
fixational oculomotor behavior has a major impact on crowding
and it adds a temporal dimension to this phenomenon.

References

Ahissar E, Arieli A (2001) Figuring space by time. Neuron 32:185-201.

Andersen EE, Weymouth FW (1923) Visual perception and the retinal
mosaic. Am J Physiol 64:561-594.

Anderson AG, Ratnam K, Roorda A, Olshausen BA (2020) High-acuity vision
from retinal image motion. J Vis 20:1-19.

Andriessen JJ, Bouma H (1976) Eccentric vision: adverse interactions between
line segments. Vis Res 16:71-78.

Arend LE (1973) Spatial differential and integral operations in human vision:
implications of stabilized retinal image fading. Psychol Rev 80:374-395.



10 - J. Neurosci., November 27, 2024 - 44(48):€0594242024

Averill HL, Weymouth FW (1925) Visual perception and the retinal mosaic.
II. ] Comp Psychol 5:147-176.

Balas B, Nakano L, Rosenholtz R (2009) A summary-statistic representation
in peripheral vision explains visual crowding. J Vis 9:1-18.

Bernard J, Chung ST (2011) The dependence of crowding on flanker com-
plexity and target-flanker similarity. J Vis 11:1.

Bi T, Cai P, Zhou T, Fang F (2009) The effect of crowding on orientation-
selective adaptation in human early visual cortex. J Vis 9:13.

Bouma H (1970) Interaction effects in parafoveal letter recognition. Nature
226:177-178.

Cherici C, Kuang X, Poletti M, Rucci M (2012) Precision of sustained fixation
in trained and untrained observers. ] Vis 12:1-16.

Chung STL, Bedell HE (1995) Effect of retinal image motion on visual acuity
and contour interaction in congenital nystagmus. Vis Res 35:3071-3082.

Chung STL, Kumar G, Li RW, Levi DM (2015) Characteristics of fixational
eye movements in amblyopia: limitations on fixation stability and acuity?.
Vis Res 114:87-99.

Cicchini GM, D’Errico G, Burr DC (2022) Crowding results from optimal
integration of visual targets with contextual information. Nat Commun
13:5741.

Clark AM, Intoy J, Rucci M, Poletti M (2022) Eye drift during fixation predicts
visual acuity. Proc Natl Acad Sci 119:€2200256119.

Coates DR, Levi DM, Touch P, Sabesan R (2018) Foveal crowding resolved.
Sci Rep 8:1-12.

Crane HD, Steele CM (1985) Generation-V dual-purkinje-image eyetracker.
Appl Opt 24:527-537.

Curcio CA, Sloan KR, Kalina RE, Hendrickson AE (1990) Human photore-
ceptor topography. ] Comp Neurol 292:497-523.

Danilova MV, Bondarko M (2007) Foveal contour interactions and crowding
effects at the resolution limit of the visual system. ] Vis 7:1-18.

Domdei N, Reiniger JL, Holz FG, Harmening WM (2021) The relationship
between visual sensitivity and eccentricity, cone density and outer seg-
ment length in the human foveola. Investig Ophthalmol Vis Sci 62:31.

Flom MC, Weymouth FW, Kahneman D (1963) Visual resolution and con-
tour interaction. ] Opt Soc Am 53:1026-1032.

Gonzéilez EG, Wong AMF, Niechwiej-Szwedo E, Tarita-Nistor L, Steinbach
M]J (2012) Eye position stability in amblyopia and in normal binocular
vision. Investig Ophthalmol Vis Sci 53:5386-5394.

Greenwood JA, Bex PJ, Dakin SC (2009) Positional averaging explains crowd-
ing with letter-like stimuli. Proc Natl Acad Sci USA 106:13130-13135.

Greenwood JA, Parsons MJ (2020) Dissociable effects of visual crowding on the
perception of color and motion. Proc Natl Acad Sci U S A 117:8196-8202.

Harrison WJ, Bex PJ (2017) Visual crowding is a combination of an increase
of positional uncertainty, source confusion, and featural averaging. Sci
Rep 7:45551.

He S, Cavanagh P, Intriligator ] (1975) Attentional resolution and the locus of
visual awareness. Nature 258:748-749.

Herzog MH (2022) The irreducibility of vision: gestalt, crowding and the fun-
damentals of vision. Vision 6:35.

Herzog MH, Sayim B, Chicherov V, Manassi M (2015) Crowding, grouping,
and object recognition: a matter of appearance. ] Vis 15:5.

Hess RF, Dakin SC, Kapoor N (2000) The foveal “crowding” effect: physics or
physiology? Vis Res 40:365-370.

Hirsch ], Curcio CA (1989) The spatial resolution capacity of human foveal
retina. Vis Res 29:1095-1101.

Intoy J, Li YH, Bowers NR, Victor JD, Poletti M, Rucci M (2024) Consequences
of eye movements for spatial selectivity. Curr Biol 34:3265-3272. in press

Intoy J, Rucci M (2020) Finely tuned eye movements enhance visual acuity.
Nat Commun 11:1-11.

Ko H, Snodderly DM, Poletti M (2016) Eye movements between saccades:
measuring ocular drift and tremor. Vis Res 122:93-104.

Kolb H, Nelson R, Ahnelt P, Ortuno-Lizaran P, Cuenca N (1995) The archi-
tecture of the human fovea. In: Webvision: the organization of the retina
and visual system (Kolb H, Fernandez E, Nelson R, eds), Salt Lake City,
UT: University of Utah Health Sciences Center.

Korte W (1923) Uber die gestaltauffassung im indirekten sehen. Z Psychol 93:
17-82.

Kuang X, Poletti M, Victor JD, Rucci M (2012) Temporal encoding of spatial
information during active visual fixation. Curr Biol 22:510-514.

Levi DM (2008) Crowding—an essential bottleneck for object recognition: a
mini-review. Vis Res 48:635-654.

Manassi M, France BS, Herzog MH (2012) Grouping, pooling, and when
bigger is better in visual crowding. ] Vis 12:1-14.

Clark et al. @ Foveal crowding

Marcos S, Navarro R (1997) Determination of the foveal cone spacing by ocu-
lar speckle interferometry: limiting factors and acuity predictions. ] Opt
Soc Am A 14:731-740.

Marshall WH, Talbot SA (1942) Recent evidence for neural mechanisms
in vision leading to a general theory of sensory acuity. In: Biological
symposia—visual mechanisms (Kluver H, ed), Vol. 7, pp 117-164.
Lancaster, PA: Cattel.

Maxwell GF, Lemij HG, Collewijn H (1995) Conjugacy of saccades in deep
amblyopia. Investig Ophthalmol Vis Sci 36:2514-2522.

Nandy AS, Tjan BS (2012) Saccade-confounded image statistics explain visual
crowding. Nat Neurosci 15:463-469.

Parkes L, Lund J, Angelucci A, Solomon JA, Morgan M (2001) Compulsory
averaging of crowded orientation signals in human vision. Nat Neurosci
4:739-744.

Pascal E, Abadi RV (1995) Contour interaction in the presence of congenital
nystagmus. Vis Res 35:1785-1789.

Pelli DG (2008) Crowding: a cortical constraint on object recognition. Curr
Opin Neurobiol 18:445-451.

Pelli DG, et al. (2016) A clinical test for visual crowding [version 1; referees: 2
approved with reservations]. F1000Research 5:1-20.

Pelli DG, Palomares M, Majaj NJ (2004) Crowding is unlike ordinary mask-
ing: distinguishing feature integration from detection. J Vis 4:12.

Poder E (2012) On the rules of integration of crowded orientation signals.
i-Perception 3:440-454.

Poletti M (2023) An eye for detail: eye movements and attention at the foveal
scale. Vis Res 211:108277.

Poletti M, Listorti C, Rucci M (2013) Microscopic eye movements compen-
sate for nonhomogeneous vision within the fovea. Curr Biol 23:1691-
1695.

Poletti M, Rucci M (2016) A compact field guide to the study of microsac-
cades: challenges and functions. Vis Res 118:83-97.

Ratnam K, Domdei N, Harmening WM, Roorda A (2017) Benefits of retinal
image motion at the limits of spatial vision. ] Vis 17:1-11.

Rodriguez A, Granger R (2021) On the contrast dependence of crowding.
] Vis 21:4.

Roorda A, Romero-Borja F, Donnelly III WJ, Queener H, Hebert TJ,
Campbell MC (2002) Adaptive optics scanning laser ophthalmoscopy.
Opt Express 10:405-412.

Rosenholtz R, Yu D, Keshvari S (2019) Challenges to pooling models of
crowding: implications for visual mechanisms. J Vis 19:1-25.

Rucci M, Ahissar E, Burr D (2018) Temporal coding of visual space. Trends
Cogn Sci 22:883-895.

Rucci M, Iovin R, Poletti M, Santini F (2007) Miniature eye movements
enhance fine spatial detail. Nature 447:852-855.

Rucci M, Victor JD (2015) The unsteady eye: an information processing stage,
not a bug. Trends Neurosci 38:195-206.

Santini F, Redner G, Iovin R, Rucci M (2007) Eyeris: a general-purpose system
for eye-movement-contingent display control. Behav Res Methods 39:
350-364.

Schor C, Hallmark W (1978) Slow control of eye position in strabismic
amblyopia. Investig Ophthalmol Vis Sci 17:577-581.

Siderov J, Waugh SJ, Bedell HE (2013) Foveal contour interaction for low
contrast acuity targets. Vis Res 77:10-13.

Steinman RM (2003) Gaze control under natural conditions. In: The visual
neurosciences (Chalupa LM, Werner JS, eds), pp 1339-1356. Cambridge:
MIT Press.

Steinman RM, Collewijn H (1980) Binocular retinal image motion during
active head rotation. Vis Res 20:415-429.

Strasburger H, Harvey LO, Rentschler I (1991) Contrast thresholds for
identification of numeric characters in direct and eccentric view. Percept
Psychophys 49:495-508.

Strasburger H, Wade NJ (2015) James Jurin (1684-1750): a pioneer of crowd-
ing research?. J Vis 15:9.

Tailor VK, Theodorou M, Dahlmann-Noor AH, Dekker TM, Greenwood JA
(2021) Eye movements elevate crowding in idiopathic infantile nystagmus
syndrome. J Vis 21:9.

Taylor MM, Creelman CD (1967) Pest: efficient estimates on probability
functions. ] Acoust Soc Am 41:782-787.

Toet A, Levi DM (1992) The two-dimensional shape of spatial interaction
zones in the parafovea. Vis Res 32:1349-1357.

Van den Berg R, Roerdink J, Cornelissen F (2010) A neurophysiologically
plausible population code model for feature integration explains visual
crowding. PLoS Comput Biol 6:e1000646.



Clark et al. @ Foveal crowding

Verghese P, McKee SP, Levi DM (2019) Attention deficits in amblyopia. Curr
Opin Psychol 29:199-204.

Weymouth FW, Hines DC, Acres LH, Raaf JE, Wheeler MC (1928) Visual
acuity within the area centralis and its relation to eye movements and
fixation. Am ] Opthalmol 11:947-960.

Whitney D, Levi DM (2011) Visual crowding: a fundamental limit on con-
scious perception and object recognition. Trends Cogn Sci 15:160-168.

Wichmann FA, Hill NJ (2001) The psychometric function: II. Bootstrap-
based confidence intervals and sampling. Percept Psychophys 63:
1314-1329.

J. Neurosci., November 27, 2024 - 44(48):¢0594242024 - 11

Witten JL, Lukyanova V, Harmening WM (2024) Sub-cone visual resolution
by active, adaptive sampling in the human foveola. eLife 13:RP98648.
Wu R, Clark AM, Cox MA, Intoy J, Jolly PC, Zhao Z, Rucci M (2023)
High-resolution eye-tracking via digital imaging of Purkinje reflections.
J Vis 23:4.

Yeshurun Y, Rashal E, Tkacz-Domb S (2015) Temporal crowding and its
interplay with spatial crowding. J Vis 15:11.

Zhang B, Stevenson SS, Cheng H, Laron M, Kumar G, Tong J, Chino YM
(2008) Effects of fixation instability on multifocal VEP (mfVEP)
responses in amblyopes. ] Vis 8:16.



	 Introduction
	 Methods and Materials
	 Observers
	 Experimental setup
	 Stimuli and apparatus
	 Calibration procedure
	 Experimental paradigm
	 Retinal stabilization
	 Data analysis
	 Eye movements
	 Determination of cone stimulation
	 Estimation of strokewidth thresholds and critical spacing


	 Results
	 Discussion
	 References

