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SUMMARY

Object recognition is impacted by visual crowding. This phenomenon, attributed to cortical pooling, is 

generally studied in the periphery. Crowding mechanisms in the foveola—the 1◦ retinal region with highest 

resolution—remain unclear due to difficulties in controlling for optical factors and incessant fixational eye 

motion. Using high-resolution retinal imaging and retinal-contingent stimulus rendering to overcome these 

limitations, we demonstrated that the critical spacing at the preferred retinal locus approximates a single 

cone’s diameter. However, just 0.25◦ away, mislocalization errors start to occur and the extent of crowding 

exceeds cone spacing. These results reveal that cortical pooling mechanisms may play a greater role with 

increasing foveolar eccentricity and point to a possible cortical magnification gradient effect within the 

central fovea.

INTRODUCTION

Objects are rarely encountered in isolation, instead, they are 

usually embedded in or cluttered among other objects. In certain 

circumstances, when the surrounding objects (flankers) get 

closer to the one of interest, they begin negatively impacting 

the recognition of that object, even if there is no physical overlap. 

This phenomenon is referred to as visual crowding.1–3 The 

strength of crowding depends on the distance between the 

target and the surrounding flankers: if the flankers are placed 

far enough from the target, they no longer affect the recognition 

of the target. The smallest distance between the target and 

flanker at which performance drops by a given amount from 

the asymptotic performance level is referred to as critical 

spacing. This distance determines the spatial extent of crowd

ing, also known as the ‘‘crowding zone.’’ The size of the crowd

ing zone has been shown to change linearly with the eccentricity 

of the target from the center of gaze,1 a relationship known as the 

‘‘Bouma’s law.’’ Crowding has been extensively studied in the 

peripheral visual field, where it is thought to have a stronger 

impact on object recognition.3–5 However, much less is known 

on crowding at the foveal scale. For a long time, it has been 

debated whether foveal crowding exists. Few studies reported 

weak or absent crowding effects in the fovea,6–8 while other 

studies suggested that its effects extends into the fovea when 

tested under normal viewing conditions.9–15 A recent study 

demonstrated that foveal crowding is not driven by optical limi

tations.16 The phenomenon persisted even when stimuli were 

presented at the eye’s diffraction-limited resolution using an 

adaptive optics scanning light ophthalmoscope (AOSLO), effec

tively correcting for optical aberrations. Because the foveola 

supports the highest visual acuity, the existence of crowding in 

this region is particularly significant and must be carefully 

analyzed, as it can substantially degrade fine spatial vision. 

Thus, foveal crowding can impact fine spatial vision in a number 

of instances when flankers are sufficiently close to the target.

Although it is now accepted that crowding also occurs in the 

fovea, many open questions remain. First, the relationship be

tween critical spacing and the underlying cone mosaic remains 

unclear. Understanding the extent of crowding in terms of 

cone spacing may offer an anatomical reference for the spatial 

extent of integration, but it is not yet known whether cone 

spacing directly constrains crowding. This is particularly relevant 

in the foveola where there is no pooling of the photoreceptor 

signal at the level of the retinal ganglion cells (RGCs), which, ex

trafoveally, has an impact on the extent of the cortical pooling re

gions.17–20 Second, if and how the extent of crowding changes 

with small increments of eccentricity from the center of gaze 

within the 1◦ foveolar region, where visual functions are often 

assumed to be uniform. Third, whether and how the location of 

surrounding stimuli (inner vs. outer) differentially modulates 

crowding as we move away from the preferred retinal locus of 

fixation (PRL). This is the retinal location preferentially used to 

center stimuli on during fixation, which is distinct from the 

pseudo-fovea described in low vision; the latter emerging as a 

compensatory strategy when the anatomical fovea is no longer 
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functional.21,22 Fourth, by examining the pattern of photorecep

tors stimulated by the target and the surrounding distractors 

during fixation, this study can provide additional insights into 

the influence of fixational eye movements (FEMs) on foveal 

crowding, previously observed in the presence of the habitual 

optical imperfections of the eye.14 In normal viewing conditions 

optical aberrations can blur the stimuli, potentially activating 

more cones, while FEMs can move the stimuli across multiple 

receptors and pooling regions, influencing the estimates of crit

ical spacing. Therefore, correcting for optical aberrations and 

retinally stabilizing the stimuli by fixing them on a retinal landmark 

in real time become important to ensure that the observed 

crowding effects are not influenced by these confounds. This 

approach makes it possible to unambiguously determine which 

cones are stimulated by the target and which fall between the 

target and the flankers to directly assess the relationship be

tween critical spacing and cone spacing. Notably, previous 

studies have not simultaneously controlled for optical and 

oculomotor factors in this way, leaving this issue open. Address

ing it is important to shed light on the mechanisms underlying 

visual processing and segmentation across the central fovea.

It is well known that foveal and peripheral vision differ funda

mentally in photoreceptor distribution and visual pathway wir

ing.23 RGCs, which transmit visual information to the cortex,24

are distributed non-uniformly across the retina,25–27 and this 

uneven distribution gives rise to cortical magnification, whereby 

a disproportionately large portion of V1 is dedicated to foveal 

input.28–30 The 1◦ foveola is anatomically distinct from the rest 

of the retina, as it has dense cone packing and no vasculature, 

supporting fine spatial detail.23,31 Each cone connects to 

dedicated ON and OFF bipolar cells projecting to distinct midget 

RGCs,17–20 enabling high-resolution transmission. In the central 

fovea, when optical aberrations are corrected, visual acuity 

matches cone spacing estimates, indicating that cone 

spacing—not RGC convergence—sets acuity limits.32 Just 

outside the fovea, and even at the edge of the foveola,32 multiple 

photoreceptors converge onto single RGCs,23,31 and this 

convergence together with RGC density sets acuity limits in 

this region.32 Notably, visual acuity and crowding are not equiv

alent; while acuity refers to the spatial resolving capacity of the 

visual system, i.e., the ability to discriminate fine details or distin

guish two points as separate, crowding reflects impaired stim

ulus recognition due to interference from nearby objects. 

Beyond limiting resolution, RGC convergence has been linked 

to crowding.33,34 Yet, crowding is also shaped by higher-level 

mechanisms, including cortical35–37 and attentional factors.38,39

Dichoptic studies further show that crowding persists when 

target and flankers are presented to different eyes.40,41 Accord

ing to pooling accounts, crowding reflects excessive integration 

of target and flanker signals within the crowding zone, with 

further pooling thought to begin in V1 and increase along the vi

sual pathway.5,42–47 Importantly, crowding is not obligatory: 

spatial arrangements that promote grouping/segmentation 

(e.g., collinear flankers and global structure) or feature differ

ences in contrast, color, or depth can reduce or eliminate 

it.48–53 Although crowding is well-characterized extrafoveally, it 

is still unclear how it is modulated with eccentricity across the 

1◦ central fovea. In particular, it remains an open question to 

what extent photoreceptor spacing and RGC density contributes 

to foveal crowding. Understanding this relationship would 

provide valuable insights into how spatial information is inte

grated in the foveola, and whether crowding at this scale differs 

from extrafoveal crowding.

In the peripheral visual field, critical spacing follows Bouma’s 

law, but it remains unclear whether this relationship extends 

into the foveolar region of the fovea (<30r eccentricity) for stimuli 

presented at much smaller distances from the PRL. Although 

cone density has been shown to vary within the foveola,23,31,54

visual functions such as detection thresholds have been found 

to be relatively uniform.55 However, the ability to discriminate 

fine detail drops as little as 15′ away from the preferred locus 

of fixation,56,57 and in a more complex visual context in the pres

ence of microsaccades, contrast detection thresholds have 

been shown to increase with larger eccentricities in the fo

veola.57 It is unknown whether the magnitude of crowding 

changes with small shifts in stimulus eccentricity within the fo

veola, or if it is generally uniform throughout this region. The rela

tionship between critical spacing and cortical magnification is 

closely linked to how visual information is represented in the 

brain. As a result of cortical magnification, a target and flanker 

with a fixed distance in the visual field shift closer together corti

cally with increasing eccentricity. The observed increase in crit

ical spacing with eccentricity has been attributed to this reduc

tion in cortical distance, reflecting how information is organized 

in the brain.34,58,59 While cortical magnification and pooling re

gions involved in crowding have been studied at relatively larger 

eccentricities from the PRL,34,58 it remains unclear how it may 

affect crowing in the foveola. Addressing these issues will pro

vide important insights into signal pooling across this region.

In typical studies examining the critical spacing of visual 

crowding in the peripheral visual field, FEMs likely do not have 

an impact on crowding as the spatial extent of crowding is 

much larger than the magnitude of the FEMs. Yet, the eyes are 

constantly in motion even as we attempt to fixate. A growing 

body of evidence has demonstrated that the temporal modula

tions introduced by ocular drift enhance fine spatial vision and 

acuity.56,60–66 These tiny eye movements likely have minimal 

impact on peripheral crowding—due to the small amplitude of 

the retinal shift they introduce compared with the size of crowd

ing pooling regions. However, at the foveal level, ocular drifts 

continuously shift the retinal image of stimuli across many pho

toreceptors,14,63,67,68 likely spanning multiple pooling regions 

over time and thereby exacerbating crowding.14 Here, to better 

understand the relationship between cortical and retinal factors 

in determining the critical spacing, we compared crowding esti

mates when stimuli were either fixed in space or shifted on the 

display to compensate for fixational eye movement, a technique 

known as retinal stabilization.

Probing the mechanisms of foveal crowding is challenging due 

to the presence of incessant FEMs, which move flankers and tar

gets across the same pooling region over time,14 and the pres

ence of higher-order optical aberrations that are inherent to the 

visual system. These aberrations reduce acuity69,70 and make 

it difficult to determine the actual crowding extent, as these fac

tors influence crowding at the foveal scale. Addressing this issue 

is important to further our understanding of how the central 

foveal input is processed, and for clarifying how information 

pooling mechanisms that underlie object segmentation and 
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recognition are modulated across the foveola. To overcome 

these challenges and investigate the relationship between 

cone spacing and the critical spacing of visual crowding across 

the foveola, we presented stimuli under diffraction-limited condi

tions,71–73 and restricted retinal stimulation to targeted eccen

tricities by controlling for FEMs in real time using retinally contin

gent stimulus delivery and high-precision eye-tracking.74,75 Our 

results show that, at the PRL, critical spacing is roughly the 

size of a single cone, suggesting that the visual system integrates 

information from the cones stimulated by the object and the 

nearest neighboring cone. However, just 15′ away, the critical 

spacing exceeds cone spacing, indicating increased cortical 

pooling with eccentricity, even within the foveola. Further, at 

the PRL, incorrect responses showed no bias in reporting either 

flanker, but 15′ away, subjects were more likely to report the in

ner flanker on incorrect trials, suggesting the presence of 

different mechanisms mediating crowding at this eccentricity. 

Finally, when stimuli were presented without retinal stabilization, 

critical spacing increased confirming that fixational instability 

may exacerbate the effects of crowding.

RESULTS

To examine visual crowding within the foveola, we used digits in 

Pelli font,9 a tall and thin font designed specifically to study 

crowding in the fovea. An AOSLO71 (see Figure 1A) was used 

to image at high resolution the foveal cone mosaic, correct for 

the eye’s optical aberrations when rendering stimuli on the 

A
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Figure 1. Experimental protocol 

(A) Retinal imaging and stimulus delivery was achieved using a custom adaptive optics scanning light ophthalmoscopy (AOSLO). Imaging and stimulus delivery 

(decrement) was achieved using a 680-nm light, which appeared as a bright red/orange color to observers. Stimuli consisted of digits 3, 5, 6, and 9, rendered 

using the Pelli font.9 The target-flanker spacing is represented as the edge-to-edge separation between the two digits. 

(B) An example stimulus consisting of target and flankers as it appears to the subject. Stimuli were presented with negative contrast for 500 ms and were delivered 

to the subject’s retina via a 680-nm channel by modulating the laser during raster scanning. 

(C) A single frame from a trial with the stimulus rendered at the preferred retinal locus of fixation (PRL) of subject S1, determined before the main experiment. The 

video frame has been flipped vertically to align with the observer’s perspective as shown in B. 

(D) The stimulus distribution maps, shown as topographic maps, are overlaid on the retinal image for an example subject. The median PRL location is marked by a 

green diamond, with the 68% contour highlighted by the green trace. The blue circle highlights the position accuracy threshold used in the current study; only 

trials with stimuli landing within 1′ from the average of stimulus locations were used. Note that the distribution represents only the locations stimulated by the 

stimulus center. 

(E) An example psychometric fit from subject S1, where performance is plotted against target-flanker spacing represented as the edge-to-edge separation in 

arcminutes. The blue circles and numbers indicate the tested target-flanker spacings and the number of trials at each spacing. 

See also Figures S1 and S2.
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retina, and deliver stimuli to targeted retinal locations using 

retinal stabilization.74,75 and extract FEMs from the motion of 

the foveal cone mosaic over different frames.76,77 The stimuli ap

peared either in isolation or were flanked by two other digits 

along the horizontal axis (Figure 1B). Observers were required 

to report the central digit. An example frame with the stimulus 

rendered at the PRL is shown in Figure 1C. The PRL was as

sessed before the main experiment following the same method

ology as previously described78 (see STAR Methods for details). 

To ensure that the stimulus size did not limit performance in the 

crowded recognition task, i.e., it was above the acuity limit, a 

QUEST procedure (a Bayesian adaptive algorithm for estimating 

thresholds) was first used to determine the threshold size for an 

isolated stimulus. Stimulus size was then scaled by a factor of 

three when presented in the crowded condition, a procedure 

used before in the literature.3,79 Stimuli spacings used in the 

study were as small as ∼0.12′; hence, to rule out the possibility 

that tiny amounts of residual diffraction, after the AOSLO correc

tion, may have influenced our results, we simulated the effects of 

this residual diffraction by convolving the point spread function in 

the diffraction-limited condition, based on our subjects’ pupil 

sizes in the experiment, with the crowded stimulus at the closest 

spacing. Our examination confirms that, even if in this condition 

(smallest spacing tested, ∼0.12′ arcmin) there was a slight blur of 

the stimuli, there was no physical overlap between stimuli in the 

retinal image and the boundaries of the stimuli were still clearly 

visible. This rules out potential confounds related to optical over

lap due to diffraction (see Figure S1).

Experiment 1: Critical spacing at the preferred retinal 

locus of fixation

As ocular drift moves stimuli over multiple receptors and has 

been shown to impact both acuity and crowding,14,60,61,65,80 it 

is crucial to account for fixational eye motion when examining 

the relationship between cone spacing at the foveal level and 

the critical spacing. To this end, the crowded stimulus was sta

bilized at each individual’s PRL (see Figure 1D). Performance 

was found to decrease by 50% ± 9% (two-tailed paired t test, 

t(7) = − 14.99, p < 0.001, BF10 > 1,000, Cohen’s d = 6.17) for 

the closest flankers spacing that was tested (∼0.12′) when 

compared with the isolated or unflanked stimulus condition 

(Figure 2A). A similar but less pronounced decrease in perfor

mance was observed for the second smallest spacing tested 

(0.35′ ± 0.12′). Performance for the isolated stimuli (average 

stimulus width in the crowding condition was 1.85′ ± 0.25′) 

was near ceiling levels (0.99 ± 0.01), indicating that the size of 

the stimulus did not limit performance. Instead, performance 

changes were primarily driven by the separation between the 

target and the flanker.

Using a similar approach as previous work,16,79,81,82 we deter

mined the critical spacing, as the edge-to-edge (E2E) distance 

between the target and flanker yielding a performance drop of 

25% from the asymptotic performance level (see STAR 

Methods for details) (Figure 1E). Since the asymptotic perfor

mance levels were close to ceiling for most subjects (∼95%), 

the threshold performance level was found to near 75%. Results 

show that performance decreased as the target-flanker spacing 

was reduced, with critical spacing thresholds ranging from 0.20′

to 0.88′ (see Figure S2 for individual psychometric functions).

To understand the relationship between critical spacing and 

cone spacing, we determined the average cone diameter for 

the subset of cones falling within the region encompassed by 

the stimulus array, as shown in the example in Figure 2B. Simi

larly, Figure 2C highlights the activated cone locations on the 

Voronoi grid of the underlying cone mosaic for a single frame 

of stimulus presentation. The E2E flanker spacings were then ex

pressed as multiples of the average cone diameter, which in the 

foveola approximates center-to-center cone spacing, in the 

stimulated region (Figure 2D). Our results show that critical spac

ings ranged between 0.40 to 1.88 times the average cone diam

eter (0.53′ ± 0.23′). Acuity thresholds across individuals, as 

determined by the QUEST procedure, were found to be 0.61′ ± 

0.20′ and 1.14 ± 0.35 times the cone diameter. The average crit

ical spacings were found to be in the same range; 0.59′ ± 0.22′

and 1.15 ± 0.48 times the cone diameter.

To further investigate the relationship between foveal crowd

ing and cone spacing, we determined the performance levels 

at flanker spacing levels that corresponded to 0.5×, 1×, and 

2× the cone diameter (see STAR Methods for detail). Figure 2E 

shows the average and individual performance levels at different 

target-flanker spacings when represented as multiples of cone 

diameter. When the spacing between stimuli encompassed 1 

cone diameter performance was found to be 72% ± 15% across 

subjects. Performance levels at 0.5× and 2× cone diameter 

were found to be 58% ± 14% and 83% ± 11%, respectively. 

Thus, the critical spacing estimates based on a drop of 25% 

from asymptotic performance level were found to closely match 

the average cone diameter within the stimulated region, and 

although performance was still very high, a drop in the average 

percent of correct responses was already visible for spacings 

approximately matching 2 cones.

Experiment 2: Influence of foveolar eccentricity on 

crowding extent

Cone density within the foveola is non-uniform and starts 

declining at distances that are a few arcminutes away from the 

peak cone density (PCD).23,55,83 To test whether such structural 

changes influence crowding, we asked subjects to perform the 

same task as in experiment 1, but this time, the stimuli were sta

bilized ∼15′ temporal to the PRL in the visual field, which corre

sponds to a nasal retinal location in the right eye. Figure 3A illus

trates the stimulus distribution map overlaid on the retina marked 

alongside the PRL (green diamond) for an example subject. 

Figures 3B and 3C highlight the offset of the stimulus from indi

vidual PRL locations and the mean 68% contour area around 

their respective PRL distributions. Note that the offset from the 

PRL was much smaller for S3 than the desired target eccentricity 

(7.24′), resulting in minimal changes in critical spacings between 

stimuli stabilized at the PRL and the tested eccentricity. This 

offset was due to inaccuracies in the online registration process, 

which marks a different retinal coordinate as the target location 

instead of the intended eccentricity from the PRL. Thus, we 

excluded this subject’s data from subsequent analysis. In addi

tion, we quantified the change in cone density and spacing be

tween the PRL and 15′ eccentricity (Figures 3D and 3E). Cone 

density was higher at the PRL compared with 15′ (two-tailed 

paired t test, t(5) = − 9.32, p < 0.001, BF10 = 121.30, Cohen’s 

d = 1.15), while cone spacing was significantly larger at 15′
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(two-tailed paired t test, t(5) = − 7.66, p < 0.001, BF10 = 59.13, 

Cohen’s d = 1.38). These structural differences raise two key 

questions: first, does the extent of crowding change a few arcmi

nutes away from the PRL where cone density is lower? Second, 

is the relationship between cone spacing and critical spacing 

preserved at larger foveolar eccentricities, or do cortical (or 

possibly retinal) pooling mechanisms increasingly drive the crit

ical spacing even at small distances from the PRL?

Similarly to the first experiment, we scaled stimuli to 3× size 

thresholds determined by QUEST and tested varying flankers 

spacings while subjects maintained fixation on a central 

marker. Performance for isolated stimuli was near ceiling at 

both the PRL (0.99 ± 0.01) and 15′ from the PRL (0.98 ± 

0.04), as shown in Figure 3F. Performance did not differ be

tween the two locations (t(5) = 0.86, p = 0.43, BF10 = 0.50, Co

hen’s d = 0.34). As in the first experiment, we then identified 

the cones falling within the stimulus region and determined 

the average cone diameter. Figure 3G shows the behavioral 

performance as a function of target-flanker spacings ex

pressed as multiples of cone diameter. We observed crowd

ing spacing thresholds to increase on average by a factor of 

∼3 (range: 0.74′ to 3.51′) at ∼15′ from the PRL, when 

A
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Figure 2. Critical spacing of visual crowding at the PRL 

(A) Average performance for stimuli presented in isolation and surrounded by flankers with an edge-to-edge spacing of ∼0.12′ (the smallest spacing tested across 

subjects). Single lines represent individual observers. Stimuli size was set as 3 times the size at threshold acuity for an isolated stimulus so that it was at ceiling 

levels in the isolated condition and acuity limits did not influence performance when stimuli were presented with surrounding flankers. 

(B) An example of a one-frame presentation of a crowded stimulus rendered at threshold spacing on the cone mosaic for a single subject (subject S1). The cone 

locations under the stimulus are highlighted in green and those in between in red. For simplicity, we only considered a cone to be stimulated when the stimulus 

covered the cone center, thus excluding partial cone stimulation. 

(C) Stimulus over the Voronoi grid of the cone mosaic for the same example observer (subject S1). 

(D) Estimated thresholds (dashed lines) and psychometric fits across subjects. Edge-to-edge spacing is represented as multiple of each individual’s average 

cone diameter in the stimulated region. The inset shows the same data but plotted as a function of flanker spacing defined in arcminutes. The filled black circle 

represents the average across subjects. 

(E) Performance estimates derived from the psychometric fit are plotted against flanker spacings represented as multiples of cone diameter. 

Error bars indicate ±1 SEM. The asterisks marks a statistically significant difference (* p < 0.05, ** p < 0.01, and *** p < 0.001).
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compared with thresholds obtained at the PRL. The average 

critical spacings were 1.79 ± 1.1, when represented in arcmi

nutes, and 3.08 ± 2.08 times the cone diameter (see Figure S2

for individual psychometric functions).

When comparing spacing thresholds at the PRL and at ∼15′

from the PRL (Figures 3H and 3I), we observed that the critical 

spacing was larger in the latter condition. This was consistent 

when critical spacings were represented as E2E distance in 

arcminutes (two-tailed paired t test, t(5) = 5.59, p = 0.019, 

BF10 = 4.28, Cohen’s d = 1.32) and as multiples of cone diameter 

(two-tailed paired t test, t(5) = 5.11, p = 0.03, BF10 = 3.37, Co

hen’s d= 1.13) (Figures 3H and 3I) (see also Figure S3A showing 

thresholds in nominal values, and Figure S3B as center-to-cen

ter separations in multiples of cone diameter). Hence, this in

crease in thresholds cannot be attributed solely to increased 

cone spacing at the larger eccentricity, which increased from 

0.53′ ± 0.03′ to 0.59′ ± 0.04′. Importantly, the effect persisted 

when we excluded the two participants showing the largest 

change (Subjects S2 and S4) (center to center in cone diameters: 

t(3) = − 3.75, p = 0.033, BF10 = 3.16, Cohen’s d = 1.28; edge to 

edge in arcminutes: t(3) = − 4.23, p = 0.024, BF10 = 3.89, Cohen’s 

d = 1.42). These results show that just 15′ away from the PRL the 

one-to-one relationship between cone diameter and critical 

spacings is no longer present; critical spacings were significantly 

larger than the cone diameter at this eccentricity. Such discrep

ancy between cone spacing and critical spacings just a few 

arcminutes away from the PRL suggests the presence of larger 

pooling regions, likely at the cortical level, at this eccentricity. 

We observed considerable individual variability in critical 

spacing thresholds, both at the PRL and at 15′ eccentricity 

(Figure S2), a variability not mirrored in cone density. A positive, 

though not statistically significant, Spearman correlation be

tween PRL and peri-PRL thresholds across subjects (ρ = 0.77, 

p = 0.081) suggests that some of the variability reflects sub

ject-level traits that generalize across nearby eccentricities 

rather than purely local structural differences.

We then compared our E2E critical spacing estimates with 

midget RGC (mRGC) spacing based on Watson’s model84 to 

examine whether retinal factors could explain the observed in

crease in critical spacing (Figure 4A). This comparison indicated 

A
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Figure 3. Critical spacing 15′ away from the PRL 

(A) Stimuli were rendered approximately 15′ away from the PRL (green diamond with 68% contour map highlighted by the green trace for an example subject, 

subject S2). Stimuli were maintained at the same location with minimum variability. The heatmap shows the 2D distribution of the stimulated locations on the cone 

mosaic across trials. 

(B) Horizontal offset of the median stimulus position from the PRL. Dots represent individual subjects. Subject S3 was excluded from subsequent analysis 

because their offset from the PRL was much smaller than the desired eccentricity. 

(C) Average PRL 68% contour area across subjects. Dots represent individual observers. 

(D) Cone density within the region stimulated at the PRL vs. 15′. 

(E) Cone spacing within the stimulated region at the PRL vs. 15′. At 15′ from PRL, cone density was lower and cone spacing was larger than at the PRL. 

(F) Unflanked performance at the PRL and 15′. Performance was near ceiling at both locations. Unflanked performance did not differ between the PRL and 15′. 

(G–I) (G) Estimated thresholds (dashed lines) and psychometric fits across subjects. Edge-to-edge spacing is represented as multiples of each subject’s average 

cone diameter within the stimulated region. Critical spacing estimates, or critical spacings, are represented as edge-to-edge separation in arcminutes in (H) and 

as edge-to-edge spacing in multiples of cone diameters in (I). Critical spacing was significantly larger at 15′ compared with the PRL when expressed in arcminutes 

and as multiples of cone diameters. 

Single lines represent individual subjects. Error bars represent ±1 SEM. The asterisks mark statistically significant differences (* p < 0.05, ** p < 0.01, and *** 

p < 0.001). 

See also Figure S3.
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that while critical spacing at the PRL was only slightly larger than 

the mRGC spacing estimates, at 15′ (0.25◦) it was considerably 

larger, suggesting that cortical pooling may contribute more 

strongly to crowding at greater eccentricities. Additionally, the 

slope of the subject-derived critical spacing between these ec

centricities was statistically higher compared with the slope pre

dicted by the mRGC spacing (paired t test, t(5) = 3.17, p = 0.025, 

BF10 = 2.20, Cohen’s d = 1.30), supporting the interpretation of 

larger cortical pooling regions at this scale. As a complementary 

test, we then asked whether cortical scaling could account 

for the eccentricity effect by converting our critical spacing 

estimates into cortical distance using a standard cortical magni

fication function (see STAR Methods for details). Following the 

procedure outlined by Strasburger,85 we estimated cortical crit

ical spacing (κ) based on foveal parameters from Schira et al.,86

combined with psychophysically derived Ê2 values from our 

dataset. When expressed in cortical units using V1 parameters 

(M0 = 28 mm/◦, E2 = 0:312◦), critical spacing showed only a 

trend toward increase at 0.25◦ eccentricity (t(5) = –2.39, p = 

0.062, BF10 = 1.78, Cohen’s d = 0.74), as illustrated in 

Figure 4B. In contrast, when using V2 parameters (M0 = 45 

mm/◦, E2 = 0:147◦), the relationship flattened, yielding constant 

spacing across subjects (t(5) = − 0.61, p = 0.568, BF10 = 0.43, 

Cohen’s d = 0.15, as shown in Figure 4C. These results suggest 

that cortical magnification in V2 can largely account for the ec

centricity-dependent increase in critical spacing, consistent 

with previous neuro-imaging results showing that crowding ef

fects correlate with population receptive field size in V2.87 At 

the same time, because critical spacing at 15′ (0.25◦) already ex

ceeds mRGC separation, these results are consistent with the 

possibility that additional pooling beyond retinal sampling plays 

a role within the foveola.

Mislocalization errors at the PRL vs. larger foveolar 

eccentricities

When stimuli are crowded, the presence of surrounding flankers 

can alter the perceived location of the target object. Mislocaliza

tion is particularly strong at slightly larger extrafoveal eccentric

ities, where it occurs due to increased positional uncertainty, 

leading individuals to incorrectly report one of the flanking 

objects instead of the target—a phenomenon known as a mis

localization error.42–44 In a 4 alternate forced choice task 

(4-AFC task), there are three other possible options for an incor

rect response, corresponding to a mislocalization guess rate of 

33%. If the probability of responding to one of the flankers is 

higher than the guess rate, it indicates a bias toward one of the 

flanker locations (see example for stimuli presented at the PRL 

in Figure 5A and when presented 15′ to the right of the PRL in 

Figure 5B). Here, we examined whether mislocalization is pre

sent at the PRL, where the flankers are equidistant from the 

PRL, and whether a specific pattern emerges at 15′, providing 

insight into positional biases at this eccentricity.

Figure 5C shows that for stimuli that were stabilized at a retinal 

location ∼ 15′ from the PRL, there was a significant interaction be

tween eccentricity and mislocalization type (repeated measures 

ANOVA: F(1; 5) = 51:413;pGG < 0:00 ). Mauchly’s test indicated 

a violation of sphericity 
(
W = 0:020; χ2(5) = 14:53; p = 

0:013
)
, but applying the Greenhouse-Geisser correction did not 

change the significance pattern. Post hoc analysis using the 

Tukey-Kramer test revealed that the difference in bias between 

the leftward and rightward flanker locations was significant at 

15′ eccentricity (p = 0.031), while no statistically significant differ

ence was observed at the PRL (p = 0.105). Similar results were ob

tained at the PRL when the stimulus was presented without retinal 

stabilization. Moreover, we did not find a statistically significant 

difference between the stabilized condition at the PRL and the un

stabilized condition (repeated measures ANOVA: F(1;7) = 0:269;

pGG = 0:62) (Figure S4A). Thus, for stimuli presented 15′ from the 

PRL, individuals were more likely to report the inner or leftward 

flanker location on incorrect trials—the one closer to the PRL.

Experiment 3: Influence of FEMs

In the current study, we stabilized the stimulus at the PRL to 

ensure that we targeted the same set of cones between trials to 

better understand the interplay between cone diameter and crit

ical spacing estimates. Normally, however, ocular drift moves 

the projection of the fixated stimulus over many photoreceptors 

during the course of fixation.14,63,65–68 Visual acuity and fine 

spatial vision are modulated by ocular drift.60,61,65,80 The retinal 

motion introduced by ocular drift is beneficial for acuity and fine 

spatial vision.62,63,66,88,89 In particular, it has been shown that 

when the temporal modulations of ocular drift are removed, either 

using retinal stabilization or brief stimuli presentation, acuity and 

performance in fine discrimination tasks drop.60,62,66 Further, 

ocular drift has been shown to increase critical spacing in natural 

viewing conditions (i.e., without stabilization).14 Because crowd

ing pooling regions are the smallest at the center of gaze, ocular 

drift effectively moves target and flankers over different pooling 
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Figure 4. Retinal and cortical mapping of 

critical spacing 

(A) Edge-to-edge critical spacing across eccen

tricity compared with predicted midget RGC 

(mRGC) spacing from Watson’s model.84 Dashed 

lines show individual subjects at the PRL (0◦ ) and 

15 ′ (0.25◦ ); the solid black line shows the model 

prediction. The inset provides an expanded view of 

the 0◦–0.25◦ range. The divergence between sub

ject-derived critical spacing and the model predic

tion indicates increasing cortical pooling with ec

centricity. The slope of subject-derived critical 

spacing between 0◦ and 0.25◦ was significantly 

steeper than that predicted by the model. 

(B and C) Critical spacing converted to cortical distance (mm) using (Schira et al.86) cortical magnification for V1 (B) and V2/V3 (C). 

Single lines represent individual subjects. Error bars represent ±1 SEM.
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regions, and it may lead to the same pooling region being stimu

lated by both target and flanker over time. To further examine the 

impact of ocular drift on crowding and to determine the extent to 

which the flanker and target stimulate the same photoreceptors 

over time, a separate experiment (experiment 3) was conducted. 

In this experiment, stimuli were maintained at a fixed location in 

physical space (i.e., on the imaging raster), but due to ocular drift, 

their retinal location varied over time.

A QUEST procedure was used to first determine the threshold 

stimulus size when the stimulus was viewed in isolation without 

retinal stabilization. Consistent with previous work presenting 

stimuli at the PRL in the presence of habitual optical imperfec

tions of the eye,14 and with work presenting stimuli using 

AOSLO to correct for optical aberrations at 0.8◦–1.3◦ from the 

PRL,66 we found that visual acuity thresholds dropped (i.e., 

higher acuity) by 0.43′ ± 0.09′ (23% reduction) when stimuli 

were not retinally stabilized (see Figure S4B). Figure 6A shows 

the 2D stimulus probability distribution map on the retina as a 

result of ocular drift for an example subject. On average, the 

Euclidean distance between the median of stimulus locations 

and the PRL was found to be 2.29′ ± 3.53′ (see Figure S5 for in

dividual stimulus distribution maps). In the crowded condition, 

the stimulus size was maintained at a constant size that was 

three times the threshold size measured in isolation. Critical 

spacing estimates were found to range between 0.46′ to 1.90′

(see Figure 6B). On average, the critical spacing was 0.98′ ± 

0.46′ (see Figure S2 for individual psychometric functions).

To gain insights into the respective contributions of optical ab

errations and FEMs to foveal crowding, we compared our critical 

spacing thresholds with a previous study that used a similar 

stimulus design.14 To this end, we re-computed E2E thresholds 

at 62.5% correct for a 4-AFC task to match the convention in 

Clark et al.14 (see Figure S6). Although critical spacing was on 

average larger in Clark et al.14 (0.93′ ± 0.64′) compared with 

the unstabilized condition in the current study (0.63′ ± 0.26′), 

this difference was not statistically significant (Wilcoxon rank 

sum, W =57, p = 0.463), suggesting that crowding is little influ

enced by the optical quality of the stimulus, provided the stim

ulus size is above the acuity threshold. In contrast, critical 

spacing was reduced under stabilization from the current study 

(0.38′ ± 0.17′) relative to Clark et al.14 (Wilcoxon rank sum, W = 

41, p = 0.006), indicating that FEMs are the dominant factor influ

encing foveal crowding, with optical factors playing a lesser role.

Consistent with Clark et al.,14 we observed a systematic in

crease in critical spacing thresholds, when expressed as E2E 

spacing, without retinal stabilization when compared with the 

stabilized condition at the PRL (two-tailed paired t test, t(7) = 

− 3.11, p = 0.02, BF10 = 4.29, Cohen’s d = 0.94) (Figure 6C).

Figure 6D shows the average probability of each cone being 

stimulated by the array of digits for an example subject, for stim

uli presented under retinal stabilization, and for unstabilized 

stimuli (Figure 6E). Note that, ideally, retinal stabilization should 

limit stimulation to the same subset of cones throughout stimulus 

exposure, yet perfect stabilization is technically impossible to 

achieve and tiny residual errors are always present, resulting in 

a small number of neighboring cones being stimulated. In 

contrast, in the unstabilized condition, the stimulus is swept 

over many photoreceptors, as shown in Figure 6E. Even if target 

and flankers stimulate different cones and pooling region, when 

moved across the retina by ocular drift the same cones/pooling 

regions may be stimulated by both. To determine the probability 

of this happening we calculated the average probability of a cone 

stimulated by the target to be also stimulated by either of the 

flankers during a trial (see STAR Methods for details). As ex

pected, Figure 6F shows that the probability of shared stimula

tion was higher in the unstabilized condition (0.40 ± 0.21) (t 

(5) = − 5.53, p = 0.003, BF10 = 18.93, Cohen’s d = 2.27) when 

compared with the stabilized condition (0.02 ± 0.04).

Taken together, these findings are consistent with the idea that 

although drift motion improves visual acuity in the unstabilized 

condition, in the task examined here it exacerbates the crowding 

effect likely because there is a higher probability that target and 

flankers stimulate the same crowding pooling region over time, 

increasing uncertainty in the identification of the target.14

DISCUSSION

Crowding is a fundamental aspect of visual perception as it af

fects object recognition. Although this phenomenon is primarily 

studied in the visual periphery, it also impacts foveal vision.9–15

It has been suggested that the extent of crowding reflects the 

number of cortical neurons per degree squared involved in vi

sual recognition.9,58 Thus, determining the critical spacing 

achievable in the fovea—once confounding factors are 
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Figure 5. Mislocalization errors across viewing condition 

(A and B) Schematic illustration of the crowded stimulus at two retinal loca

tions: (A) at the PRL and (B) 15′ to the right of the PRL. In (A), the target is 

centered at the PRL and highlighted by a black dashed square. In (B), a Mal

tese cross (5′ × 5′) was shown to aid fixation, while the target was presented to 

the right of the PRL. Leftward and rightward flankers are marked by blue and 

orange dashed ovals, respectively. The PRL (green diamond) is shown for an 

example subject. 

(C) Average probability of responding to one of the two flanker locations (inner 

and outer) on incorrect trials are plotted for each subject for trials, where the 

stimulus was stabilized at the PRL and at a retinal location 15′ to the right of the 

PRL. At 15′ eccentricity, observers showed a stronger bias toward the inner 

(leftward) flanker, the one closer to the PRL. At the PRL, responses were similar 

between the inner and outer mislocalizations, indicating no directional bias. 

Single dots represent individual observers. Error bars represent ±1 SEM. The 

asterisks denote significant main effects and post hoc comparisons (* p < 0.05, 

** p < 0.01, and *** p < 0.001). 

See also Figure S4A.
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accounted for—could provide key insights into the cortical rep

resentation of stimuli across the foveola. Additionally, given 

how important foveal vision is for daily activities from reading 

to driving, it is critical to unravel the mechanisms underlying 

foveal crowding and to shed light on whether they differ from 

those affecting extrafoveal vision. Measuring critical spacings 

at the foveal scale is challenging; in order to study crowding ef

fects, stimuli need to be above the acuity limit (yet not too large, 

otherwise crowding is not observed), and standard optotypes 

are not ideal for testing critical spacing in the central fovea.9

Further, the inherent optical aberrations of the eye scatter the 

incoming light posing another limitation to assessing critical 

spacing. Finally, the ever-present ocular drift has an impact 

on visual crowding,14 acting as an additional confounding fac

tor when testing crowding at this scale. Here, to eliminate these 

confounds, we used stimuli above the acuity limit, and we used 

stimuli in Pelli’s font, which has been specifically designed to 

test the smaller critical spacings.9

Previous studies10,16 observed facilitation at the closest 

spacing tested with bar stimuli, E’s or Landolt C’s, which, when 

brought close together, form a Gestalt that makes it easier to iden

tify the target orientation. In our study however, we do not report 

facilitation effects for the smaller spacings. This is likely due to the 

stimuli, digits in Pelli’s font, and type of task, digit identification 

instead of orientation discrimination, used here; performance pro

gressively decreased with decreasing spacing, even with the 

smallest spacing tested (∼0.12′ and even 0′ or abutting for one 

subject). Hence, the findings from the current study further vali

date the utility of using Pelli’s font for studying foveal crowding9; 

by avoiding facilitation effects at the smaller spacing, by present

ing stimuli above the acuity threshold, and by controlling for opti

cal spreading and eye movements, we can effectively assess the 

A
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Figure 6. Critical spacing for unstabilized viewing condition 

(A) Normalized 2D distribution of stimulus positions on the retina across trials during unstabilized viewing for an example subject (subject S1). 

(B) Estimated edge-to-edge spacing thresholds (dashed lines) and individual psychometric fits for the unstabilized condition. The filled black circle represents the 

average across subjects. 

(C–E) (C) Average critical spacing thresholds in the stabilized and unstabilized conditions. Critical spacing thresholds were larger in the unstabilized condition than 

in the stabilized condition at the PRL. Probability of cone stimulation in single trial (15 frames) under stabilized (D) and unstabilized (E) viewing, respectively, for 

subject S1. 

(F) The probability of a cone being stimulated by the target and either of the flankers over the course of stimulus presentation in the stabilized and the unstabilized 

condition when the stimulus is presented at the PRL. The probability of shared stimulation was higher in the unstabilized condition than in the stabilized condition 

at the PRL. 

Single lines represent individual subjects. Error bars represent ±1 SEM. The asterisks mark statistically significant differences (* p < 0.05, ** p < 0.01, and *** 

p < 0.001). 

See also Figures S4B, S5, and S6.
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limits of crowding extent at the foveal scale. Compared with prior 

work, our critical spacing thresholds were lower overall. Among 

studies using similar digit stimuli, Pelli et al.9 reported larger 

thresholds, whereas Clark et al.14 reported thresholds similar to 

ours in the unstabilized condition (experiment 3). The higher 

values reported by Pelli et al.9 likely reflect the nine-digit response 

set (1–9) and the resulting lower guess rate, as well as the absence 

of trial-discarding criteria based on FEMs and fixation precision. 

By contrast, Danilova and Bondarko90 and Lev et al.91 used 

tumbling-E targets flanked by tumbling-E, which yielded larger 

critical spacing thresholds. Differences in stimulus design, 

response set, and threshold definitions (for example, E2E vs. cen

ter-to-center spacing and performance criterion) make direct 

cross-study comparisons challenging.

Our findings indicate that, at the PRL, the critical spacings 

for stimuli under retinal stabilization, when measured as E2E 

separation, closely match the average cone diameter in the 

stimulated region. Such critical spacing leads to a substantial 

drop in performance (∼25% from the asymptotic level). A less 

pronounced drop in performance is present when spacing 

covers about two cones, in which case, on average subjects 

can still perform the task with high accuracy (∼90% correct re

sponses on average). Notably, our critical spacing estimates 

are much smaller than those reported in previous work,10 as ex

pected when examining crowding extent controlling for factors 

that can inflate these estimates. Although our estimates may 

appear smaller also compared with those reported previously16

when correcting for optical aberrations, a fair comparison cannot 

be drawn due to the smaller stimuli size used in their study, which 

was closer to the acuity limit, and their reported rebound effect in 

performance when using smaller spacings. Interestingly, the crit

ical spacing thresholds reported here are also much smaller than 

the Ricco’s area, the region over which light at detection 

threshold on the photoreceptors is fully pooled by the visual sys

tem,92 coherent with the idea that crowding and contrast sensi

tivity are mediated by different mechanisms.

Despite its importance, little is known about whether and how 

visual functions and neural mechanisms are modulated across 

the central fovea. In contrast, peripheral crowding has been bet

ter characterized, and from 4 ◦ to 18.5 ◦ it has been shown that 

crowding zones cover approximately the same number of 

RGCs.33 Studying vision at this scale is difficult as receptors 

are tightly packed and neurons have the smallest receptive 

fields, making it difficult to record neural activity at different fo

veolar eccentricities, and, with a few exceptions,86,93 neural im

aging techniques do not have the spatial resolution to image 

neural activity at this finer grain. Further, FEMs constantly 

move the stimulus across many receptors making it difficult to 

limit visual stimulation at a desired foveolar eccentricity. This 

study bridges some of these knowledge gaps by providing a win

dow into the mechanisms controlling visual crowding at this 

scale and how they vary across the foveola. Although the central 

fovea covers only 1◦ of visual angle, it has been shown that fine 

spatial vision within this tiny region is not homogeneous,56,60 yet 

other visual functions, such as spot-light sensitivity, have been 

shown to be uniform across the foveola.55 It has also been spec

ulated that the effects of crowding are the same across the cen

tral fovea.3 Still, because of technical difficulties, this has never 

been tested. Addressing this problem can provide crucial 

insights into how visual information and object recognition pro

cesses operate at this scale.

Our results show that pooling mechanisms begin to play a 

larger role with increasing eccentricity, even at this fine scale. 

Near the PRL, critical spacings closely matched cone diameter 

estimates, indicating minimal influence from neural pooling 

mechanisms. However, just a few arcminutes away from the 

PRL, additional neural pooling factors influenced critical spac

ings. At which level does this signal pooling occur? It is possible 

that divergence (i.e., 1 cone to 2 mRGCs) within the central fovea 

is not complete and some reduction in divergence starts to occur 

already at 0.25◦ eccentricity. Cortical magnification, which in

herits its structure from retinal architecture,27,94 could provide 

the framework for spatial integration. Yet, it is debated whether 

RGC density fully accounts for the cortical magnification factor 

in V1 and beyond. Although previous work suggests that there 

is not a selective amplification of the foveal representation corti

cally,27 other work has suggested otherwise95–98; the cortical 

representation of the central visual field is amplified beyond 

the magnification expected from RGC density. In line with this, 

we find that that critical spacing at 15′ (0.25◦) exceeded mRGC 

spacing predicted by the Watson model and increased more 

steeply with eccentricity,84 indicating that retinal sampling and 

possibly increasing convergence between cones and RGCs at 

0.25◦ eccentricity are not sufficient. They also align with high- 

resolution fMRI studies reporting a gradient in cortical magnifica

tion in both humans and non-human primates.86,93

Based on the pooling theory of crowding, the visual system 

integrates information from neighboring regions, which for 

crowded stimuli affects the perceived positions of the target 

and flankers42–44 leading to mislocalization errors, i.e., subjects 

report either one of the flankers instead of the target stimulus. 

Extrafoveally, some studies have observed an increased ten

dency to respond to the outer flanker, as it is believed to have 

a stronger impact on object recognition.1,99 In contrast, other 

studies have observed the opposite pattern, with a greater 

bias toward the inner flanker.100,101 Here, we find that at the 

very center of gaze, when both flankers are approximately 

equidistant from the PRL, whether or not retinal stabilization is 

used, there is no bias toward a specific flanker location, i.e., 

mislocalization errors do not occur. However, when stimuli 

were presented 15′ to the right of the PRL, we observed a bias 

in reporting the leftward flanker, which is the flanker closer to 

the PRL, when identifying the target. This tendency could be 

the result of crowding pooling regions being elongated in the 

direction of the PRL at this foveolar eccentricity, yet further 

research is necessary to determine whether this is the case. 

Remarkably, although mislocalization errors have often been re

ported with the visual crowding effect in the peripheral visual 

field, here we observe a similar pattern at eccentricities just a 

few arcminutes away from the PRL, further suggesting an 

increased impact of cortical pooling factors with increasing 

foveolar eccentricity. Further, the absence of mislocalization er

rors at the PRL suggests that crowding mechanisms function 

differently than in the region immediately surrounding the PRL.

Although ocular drift moves stimuli across several cone 

photoreceptors within the fovea,65,102 this movement has been 

shown to benefit high-acuity tasks.60,61 In contrast, retinally sta

bilizing stimuli results in decreased performance in high-acuity 
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tasks.14,60,66 Although beneficial for visual acuity tasks, these 

drifts negatively impact performance in cluttered scenarios 

when the target is surrounded by distractors.14 Consistent with 

previous findings,14 we observed an increase in the critical 

spacing in the absence of retinal stabilization, suggesting that 

although drift motion improves acuity, it exacerbates the visual 

crowding effect in these conditions when target and flankers 

cannot be grouped/un-grouped into a Gestalt. This likely results 

from a higher probability that the targets and flankers stimulate 

the same crowding pooling region over time, increasing the un

certainty in target identification.

It is important to note that although crowding is often viewed 

as a phenomenon that hinders acuity, it may often be advanta

geous in natural conditions. In fact, it facilitates perception and 

extraction of patterns from the visual input,7,103–105 and it can 

be considered a mechanism for efficient exploitation of spatial 

redundancies of the natural world.106 It has been shown that 

Gestalt grouping can alleviate the negative effects of crowding 

by perceptually separating the target from surrounding ele

ments, thus reducing interference.107,108 Crowding at the foveal 

scale likely serves a similar role; given that the foveal input is 

often rich in details forming a Gestalt and visual textures, the 

mechanisms underlying crowding, together with the beneficial 

effects of drift on acuity may aid fine texture discrimination and 

grouping of shapes into a coherent structure. Foveal crowding 

mechanisms, on the other hand, are likely a hindrance when 

reading small characters (e.g., reading highway driving direc

tions from a distance).

In summary, using state-of-the-art retinal imaging and retinal- 

contingent stimulus rendering to eliminate influences of optical 

scattering and FEMs, we demonstrated that the critical spacing 

of foveal crowding at the PRL approximately matches with photo

receptoral spacing, showing that it is either driven by pre-cortical 

factors or that cortical pooling regions are close to the size of a sin

gle photoreceptor. Just 15′ off the PRL, however, we observed a 

divergence from these characteristics, suggesting that additional 

cortical mechanisms start to influence crowding even within the 

foveola. Furthermore, mislocalization errors were more biased to

ward the flanker positioned closer to the PRL for stimuli presented 

15′ away, with no apparent bias observed at the PRL, indicating 

that the underlying mechanisms of crowding may differ between 

the PRL and other eccentricities. These findings revealed that 

while crowding extent (under diffraction-limited viewing) is pre

dicted by photoreceptor spacing at the PRL, only 0.25◦ off the 

PRL, the broader foveola is influenced by further cortical pooling. 

This study provides a new understanding of crowding mecha

nisms, and of the mechanisms underlying visual processing in 

the central fovea, and underscores the importance of considering 

both eye movements and retinal structure when examining visual 

functions at this scale.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Observers

Eight experienced observers (5 males and 3 females; age range: 25-31 years) with normally sighted vision and refractive errors less 

than 4 diopters in magnitude participated in the study. Four of the eight subjects were authors of the study. The experiment was per

formed monocularly and the non-tested eye was occluded with an eye patch. Visual acuity was confirmed to be 20/20 or better for all 

subjects, with refractive errors less than 3.5 diopters and astigmatism less than -1.00 diopters in the tested eye. Prior to retinal im

aging, dilation drops phenylepherine (2.5%) and tropicamide (1%) were instilled into the test eye at least fifteen minutes prior to the 

start of the imaging session. The experimental protocol was approved by the University of Rochester’s Research subjects review 

board (RSRB). Written informed consent was obtained from each participant after explaining the study procedures and reviewing 

the consent form.

Apparatus

A custom built Adaptive Optics Scanning Light Opthalmoscope (AOSLO)(described elsewhere71) was used to image at high-resolu

tion subject’s retinae (diffraction limited resolution of 0.40 arcmin for 680 nm wavelength). These recordings achieve cellular level 

resolution necessary for precise stimulus presentation at targeted retinal locations with diffraction-limited image quality.74,75 Addi

tionally, this setup allowed for extraction of high resolution eye movement signals from the recorded retinal videos.76,77 The imaging 

and stimulus delivery channel has a central wavelength of 680 nm and a bandwidth of 22 nm (full width at half maximum). The stimulus 

was generated by modulating the red light using an acousto-optic modulator (TEM-210-50-10-680-2FP-SM, Brimrose Corp., Sparks 

Glencoe, MD). A separate 940 nm channel was used to measure optical aberrations, which were corrected in a closed-loop system 

by dynamically adjusting the shape of a deformable mirror (DM97-08, ALPAO, Montbonnot, France). The imaging field of view was set 

to 60 x 60 arcminutes. The AOSLO frame rate is 30 Hz and the resolution is 512 x 512 pixels, with each pixel subtending ∼ 0:12 

arcminutes.

Stimuli were presented in reverse contrast using a 680 nm raster in our AOSLO system. While this wavelength is close to the peak 

sensitivity of L-cones, both L- and M-cones are expected to contribute comparably under these conditions. Although L-cones are ≈ 
20 × more sensitive than M-cones at 680 nm, the raster background induces adaptation that effectively equalizes their sensitivities, 

consistent with single-cone sensitivity measurements.111,112 These findings, therefore, suggest that our stimulation was not biased 

toward a single cone class.

METHOD DETAILS

Imaging protocol

Once pupil dilation was achieved (pupil diameter ≥ 7 mm), subjects were positioned in front of the AOSLO system using a custom bite 

bar setup attached to a three-axis translation stage (see Figure 1A). Initial alignment was performed using the 940 nm channel, with 

the 680 nm channel blocked. After initiating the closed-loop adaptive optics correction and ensuring it was stable, subjects were 
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informed, and the 680 nm channel was set to its maximum power and unblocked. During the experiments, we imaged approximately 

∼ 60 arcminutes of the central retina in the right eye of each participant using the visible red light channel of the AOSLO.

Stimulus

The stimulus consisted of digits 3,5,6 and 9 from a slightly modified version of the Pelli number font9 which allows for testing smaller 

spacing between the target and flanker compared to traditional optotypes, making it an ideal candidate for testing visual crowding at 

the fovea, where the critical spacing is much smaller than in the periphery.16 Each trigram, consisting of the target and two flankers, 

was chosen such that each element was unique, thereby avoiding repetition, which would otherwise reduce the influence of the 

flankers and make it difficult to compare between trials. The stimulus was presented on the imaging raster at maximum negative 

contrast (see example in Figure 1B). Flankers appeared along the radial axis (horizontally) at fixed target-flanker distances. We chose 

to avoid flankers along the vertical or tangential axis for two reasons: (1) flankers along the radial or horizontal (in the current exper

iment) axis tend have an increased interference with target recognition when compared to tangential or vertical flankers, this is 

referred to radial-tangential anisotropy3; (2) the pelli font is vertically elongated; therefore, having flankers along the vertical axis re

sults in a larger stimulus array. This affects the online tracking modality because a larger part of the retina falls under the stimulus and 

is not imaged.

We ensured that the residual diffraction after correction did not result in overlap due to blur at the closest spacing tested. To this 

end, we calculated the point spread function for the diffraction limited condition (Pupil size: 7.2 mm; wavelength: 680 nm and focal 

length: 16.67 mm) and convolved with the crowded stimulus at the smallest spacing, where we observed no overlap between the 

target and the flanker, as shown in Figure S1. This validates that the change in performance at the closest spacing is driven by crowd

ing from the flankers, rather than spatial overlap from blur.

PRL determination and high-resolution imaging

The preferred retinal locus of fixation (PRL) was determined for each individual during a separate experimental session. Subjects 

fixated on a maltese cross (5 x 5 arcminutes) that randomly shifted positions every 2 to 6 seconds within a 15 x 15 arcminute region 

of the raster whilst simultaneously recording a 30 second retinal video, similar to the method followed previously.78 The raw retinal 

videos were analyzed offline using REMMIDE,77 which uses a strip based cross correlation technique (described in76) to generate 

stabilized retinal videos and images accounting for retinal motion. We excluded 20 frames ( ∼ 666 ms) following each positional 

change of the maltese cross to account for microsaccades that reposition the PRL onto the maltese cross. The stimulus location 

on the remaining frames was overlaid onto the stabilized retinal image and the median stimulus location was used to determine 

the PRL location.

A high-resolution image of each participant was obtained in a separate experimental session. Subjects fixated on a black square 

(4.69 × 4.69 arcminutes flickering on and off at 3 Hz with a duty cycle of 0.5) presented at a fixed location at the center of the imaging 

raster. For each participant, we recorded 6-12 videos, with each one being 10 seconds long. These recordings were processed using 

REMMIDE77 to generate a frame average with minimal distortion, and the one that provided the best image quality was selected as 

the high-resolution image for the subject. The PRL coordinates were then mapped onto the high-resolution image.

Experiment 1: Stabilized condition at PRL

A QUEST procedure113 with 3 interleaved staircases converging at 62.5% was used to determine the size threshold for each individ

ual when stimuli were viewed at the PRL in isolation under retinal stabilization. We excluded data from staircases in which the stimulus 

size was at ceiling for more than 5 consecutive trials. This could occur if the online stabilization algorithm failed, resulting in an altered 

stimulus appearance. The threshold size was chosen based on convergence levels from at least 2 staircases. The stimulus size in the 

main experiment was set to be three times the threshold size obtained with the QUEST procedure.3,79

Experiment 1 was performed under retinal stabilization, where the stimulus was presented either in isolation or surrounded by 

flankers to the left and right of the stimulus for 15 frames or ∼ 500 ms. Importantly, the stabilized presentation did not induce percep

tual fading: stimuli were brief (500 ms), flashed (strong onset/offset transient), and shown at maximum negative contrast; moreover, 

performance in the unflanked condition was at or near ceiling, confirming preserved visibility. When flankers were present, they were 

positioned at one of five different spacings, with spacings defined as the edge-to-edge distance between the target and each flanker. 

The spacings ranged between 0.12 to 3.5 arcminutes, with a mean step size of 0.34 arcminutes. Performance was also tested in the 

unflanked condition. Each subject completed ∼ 10-15 blocks with each block consisting of 60 trials, with 10 repetitions at each 

flanker spacing plus 10 interleaved unflanked trials. The sequence of flanker spacings was randomized within each block. An 

example frame from a retinal video recording is shown in Figure 1C. A 1 second video (30 frames) was captured for each trial with 

the stimulus presented after a blank interval of 10 frames or 330 ms. Observers used a joypad to initiate each trial and responded 

at the end of the trial upon hearing a beep, with unlimited time to respond. After each trial, observers manually started the subsequent 

trial at their own pace (self-paced).

Experiment 2: Stabilized condition 15′ away from PRL

Experiment 2 followed the same procedure as Experiment 1 but targeted a location 15′ from the PRL. Thresholds were re-estimated 

and stimuli scaled 3 × accordingly.
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Experiment 3: Unstabilized condition

The stimulus was presented in the center of the imaging raster and remained at the center throughout the entire presentation interval. 

As in experiments 1 and 2, the size of the stimulus was scaled based on a QUEST procedure performed in the unstablized condition 

prior to the main experiment. As visual acuity thresholds are generally lower (i.e., better acuity) in the unstablized vs stabilized con

dition,60,61,66 we ensured that stimulus sizes were scaled to account for the differences in visual acuity between the two conditions. 

Stimuli were rendered at a fixed screen location (center of raster), resulting in retinal motion due to ocular drift. A separate QUEST 

procedure determined acuity thresholds under unstabilized viewing.

Online retinal stabilization procedure

Prior to the start of experiment 1, subjects were instructed to fixate on a marker in the center of the imaging raster. The experimenter 

manually captured a single video frame, which provided robust real-time (online) tracking. This frame was registered with the high- 

resolution retinal image containing the PRL coordinates, and the pixel coordinates corresponding to the PRL were mapped onto the 

single frame. This image was obtained in a prior assessment of the PRL (see section PRL Determination). To ensure robust registra

tion, the experimenter manually checked for shifts in landmarks between the two images and confirmed that the PRL coordinates 

were close to the center of the frame. This ensured that, during the experiment, the stimulus was maintained at the PRL coordinates, 

close to the center, and that it remained centered in the raster and well stabilized. Once registration was confirmed, the marked single 

frame served as the global reference for the session. Whenever stimulus rendering or online stabilization was found to be inadequate, 

i.e., when the retinal landmarks abruptly jumped on the online registration panel or when the stimulus was not completely rendered, 

this step was repeated to maintain accuracy. The single frame with the PRL coordinates was reloaded into the imaging software 

(ICANDI;74,75) to ensure that the stimulus in the experiment would be presented at the PRL.

In experiment 2, observers were instructed to fixate on a marker positioned approximately 15′ to the left of the center of the raster. A 

single frame providing robust real-time tracking was captured and, as in Experiment 1, registered with the global reference. The pixel 

coordinates corresponding to a location 15′ to the right of the PRL were mapped onto this reference frame, aligning the new fixation 

position. The single frame containing pixel coordinates 15′ from the PRL was subsequently reloaded into ICANDI. In addition to pre

senting the stimulus at the target location, a secondary stimulus (a fixation cross) was presented near the PRL and was not stabilized 

on the retina. This secondary stimulus (fixation cross) was included to assist subjects in maintaining fixation during the trial.

QUANTIFICATION AND STATISTICAL ANALYSIS

Offline video processing

The delivery of the stimulus at the intended PRL location depended on the robustness of the online tracking modality. To ensure 

precise stimulus delivery, we processed the raw videos using the strip-based registration technique77 and determined the stimulus 

location on each frame from the stabilized retinal video to quantify the accuracy of stimulus delivery. We calculated the offset of the 

stimulus location in each individual frame by comparing it to the average pixel position of all stimulus locations for a given subject. We 

excluded trials in which the stimulus offset exceeded 1 arcminute from the average stimulus location on more than 10 out of 15 frames 

( ∼ 500 ms) when the stimulus appeared (see Figure 1D). On average, each subject completed 461 ± 230 trials, approximately half of 

these trials (54% ± 23%) met the stimulus offset criteria and were included in the final analysis. This can occur due to poor regis

tration between an individual frame of the video and the reference image caused by poor image quality or failed online registration 

in the presence of rapid gaze shifts, such as microsaccades or saccades.

Cone-tagging procedure

The cropped high-resolution retinal images generated by the strip based registration software77 (see section ‘‘PRL determination and 

high-resolution imaging’’) was used to identify and mark individual cones with a semi-automated procedure that utilizes a fully con

volutional network114 trained using several manually tagged high-resolution images of the retina (see Reiniger et al.83 and Cunefare 

et al.115). This analysis was performed using ConeMapper,116 an open-source tool designed for cone detection and analysis. The 

tagged cone locations were then checked by a single trained experimenter and manual correction was applied wherever necessary.

Determining the cones stimulated by the stimulus array

We determined the cones stimulated by the visual input based on the stimulus position on the high-resolution retinal image acquired 

earlier (see section ‘‘PRL determination and high-resolution imaging’’). Each trial in the experiment provided 10-15 samples of 

the stimulus location, which were used to position the stimulus, at the tested size and threshold spacing for each subject, on the 

high-resolution retinal image. We then determined which cones were stimulated by the stimulus in each frame, and identified 

the set of cones stimulated during the 500 ms presentation. The probability of each cone being within the region of interest being 

stimulated during the 500 ms presentation interval (approximately 15 frames) was also calculated.

Shared cone stimulation

To determine the probability that a single cone was stimulated by both the target and either of the flankers within a single trial, we 

identified the unique set of cones stimulated by both the target and the flankers and normalized this by the total number of cones 

falling under the target in each trial. To ensure consistency across subjects, we included only the subset of trials with all 15 frames 
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valid, corresponding to the entire duration of the stimulus presentation (500 ms). Finally, we calculated the average probability that a 

single cone was stimulated by both the target and either one of the flankers across trials.

Cone spacing calculation

Each participant’s high-resolution retinal image was used to analyze cone spacing in the region of interest (ROI). The stimulus, con

sisting of the target and flankers—at the tested stimulus size and at the subject’s threshold spacing, was placed at the foveal cone 

mosaic location corresponding to the median stimulus location across trials in a given condition. Cone locations encompassed by the 

whole stimulus array (red and green circles in Figure 2B) were then identified for subsequent analysis. Cone spacing was computed 

by averaging the Euclidean distances between each cone and its neighboring cones in a triangulated mesh. This spacing was calcu

lated for the subset of cones within the ROI, defined as the largest area encompassed by the stimulus (target and flankers) across all 

trials, using Metricks.109 Within the foveola, it is a reasonable assumption that center-to-center cone spacing closely matches cone 

diameter, given that cones in this region are tightly packed with minimal inter-cone spacing. The average cone diameter in this area 

was then used for subsequent analysis. Thus, the cone diameter estimate within the ROI was used to define the target-flanker spac

ings as multiples of cone diameter.

Estimation of critical spacings

Critical spacing was defined as the distance between the target and flanker at which desired performance level is achieved. Critical 

spacing thresholds were estimated by fitting the data (performance measures vs. flanker spacing) using a Weibull psychometric func

tion implemented in psignifit.110 Based on the psychometric fit, the spacing threshold was defined as the spacing resulting in a 25% 

drop from the asymptote.79 We reported critical spacing thresholds as edge-to-edge separations. We choose to report edge-to-edge 

spacing instead of center-to-center spacing because edge-to-edge is considered a more appropriate measure for foveal crowd

ing.11,16 The critical spacing corresponds to the spatial extent over which crowding impacts performance, thus smaller critical 

spacing’s indicate less interference from crowding.

Defining critical spacing in cortical units

To assess whether cortical scaling could account for eccentricity effects, critical spacing thresholds were converted into millimeters 

of cortical distance using the formulation described by Strasburger.85 Specifically, cortical critical spacing (κ) was computed as

κ = M0 ⋅ E2⋅ln
(

1 +
δ0

E2

⋅
1+E=Ê2

1+E=E2

)

(Equation 1) 

where M0 is the foveal cortical magnification factor (mm/deg), E2 is the eccentricity constant at which magnification falls to half its 

foveal value (deg), δ0 is the foveal critical spacing (deg), E is the retinal eccentricity (deg), and Ê2 is the psychophysical eccentricity 

constant at which the threshold doubles relative to the fovea.

High-resolution fMRI measurements from Schira et al.86 were used to set the cortical magnification parameters. For V1, we used 

M0 = 28 mm/deg and E2 = 0:312◦ . For V2, we used M0 = 45 mm/deg and E2 = 0:147◦ . Following the approach of Strasburger,85 Ê2 

was estimated directly from our behavioral data by fitting linear regressions to the inverse magnification function and determining the 

eccentricity at which the baseline value doubled. This yielded Ê2 = 0:312◦ for V1 and Ê2 = 0:147◦ for V2.

Statistical analysis

Analysis of variance

Statistical comparisons were conducted using two-way repeated-measures analyses of variance (RANOVA in MATLAB) with subject 

and condition as within-subject factors. For all repeated-measures factors, Mauchly’s test was used to assess sphericity. 

Greenhouse–Geisser–corrected p-values pGG are reported where applicable. For two-level within-subject factors, sphericity correc

tions were unnecessary pGG =p. Post hoc comparisons were performed using Tukey–Kramer tests in MATLAB to identify pairwise 

differences among conditions.

Pairwise comparisons

Planned pairwise comparisons between experimental conditions were conducted using paired two-tailed t -tests. To complement 

classical inference, Bayes factors (BF10) were computed using the BayesFactor MATLAB toolbox (GitHub repository), providing a 

continuous measure of evidence for the alternative versus null hypothesis. Cohen’s d was also calculated to quantify the magnitude 

of the observed effects.

Reporting summary

All statistical tests were two-tailed with a significance threshold of α = 0:05. Data are reported as mean ± SEM unless otherwise 

stated. Statistical analyses were performed using custom scripts in MATLAB R2022b (MathWorks, Natick, MA).
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