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SUMMARY
What determines spatial tuning in the visual system? Standard views rely on the assumption that spatial in-
formation is directly inherited from the relative position of photoreceptors and shaped by neuronal connec-
tivity.1,2 However, human eyes are always in motion during fixation,3–6 so retinal neurons receive temporal
modulations that depend on the interaction of the spatial structure of the stimulus with eye movements. It
has long been hypothesized that thesemodulationsmight contribute to spatial encoding,7–12 a proposal sup-
ported by several recent observations.13–16 A fundamental, yet untested, consequence of this encoding strat-
egy is that spatial tuning is not hard-wired in the visual system but critically depends on how the fixational
motion of the eye shapes the temporal structure of the signals impinging onto the retina. Here we used
high-resolution techniques for eye-tracking17 and gaze-contingent display control18 to quantitatively test
this distinctive prediction. We examined how contrast sensitivity, a hallmark of spatial vision, is influenced
by fixational motion, both during normal active fixation and when the spatiotemporal stimulus on the retina
is altered tomimic changes in fixational control. We showed that visual sensitivity closely follows the strength
of the luminance modulations delivered within a narrow temporal bandwidth, so changes in fixational motion
have opposite visual effects at low and high spatial frequencies. By identifying a key role for oculomotor ac-
tivity in spatial selectivity, these findings have important implications for the perceptual consequences of
abnormal eye movements, the sources of perceptual variability, and the function of oculomotor control.
RESULTS AND DISCUSSION

Like many species, humans continually move their eyes during

the acquisition of visual information (Figure 1A). Even when

attending to a single point, a persistent eye motion—known as

ocular drift or eye jitter—incessantly sweeps the image on the

retina, stimulating photoreceptors with luminance transients

rich in spatial information (Figures 1B and 1C). Several observa-

tions, including neuronal sensitivity to small input changes,19–23

perceptual impairments in the absence of eye movements,13–15

and considerations of computational efficiency,24,25 support

the proposal that the visual system uses these temporal modu-

lations for processing spatial information.7,8,10–12

Despite the increasing recognition that eye movements

contribute to visual encoding, it remains commonly assumed

that spatial selectivity in the visual system is primarily the

outcome of spatial factors, such as the distribution of specific

cell types and their interconnections.1,2,26–29 However, a spatio-

temporal encoding strategy makes the fundamental and distin-

guishing prediction that spatial selectivity is not just determined

by these elements but critically depends on how eyemovements

package spatial information in the temporal flow impinging onto

the retina.30 Here we test this hypothesis by examining how one
Curre
All rights are reserved, including those
of the most fundamental and widely investigated functions of

spatial vision, contrast sensitivity, is affected by the systematic

and predictable way in which temporal signals vary with the

amount of fixational jitter.

Our driving hypothesis is that sensitivity depends on strength

of the fixational luminance fluctuations resulting from eye drifts.

To obtain quantitative predictions, we modeled ocular drift as a

Brownian motion process. This model accounts for the main

characteristics of the fixational motion of the eye24,31 and conve-

niently summarizes its extent with a single parameter: the diffu-

sion constant, the rate by which the variance of eye displace-

ment increases over time. As shown in Figures 1D and 1E,

varying this value changes the temporal structure of the resulting

luminance modulations, as it affects the proportion of power in

the stimulus that ocular drift makes available in the form of lumi-

nance fluctuations. This quantity, which we will refer to as tem-

poral power, defines the amplitude of fixational modulations

across temporal frequencies. As the diffusion constant in-

creases, the external image (in this example a grating at 16 cy-

cle/deg) is transformed onto the retina into modulations at

increasingly higher temporal frequencies.

This phenomenon is more comprehensively described by Fig-

ure 1F,which shows the power redistribution resulting fromocular
nt Biology 34, 3265–3272, July 22, 2024 ª 2024 Elsevier Inc. 3265
for text and data mining, AI training, and similar technologies.

https://twitter.com/aplabUR
mailto:mrucci@ur.rochester.edu
https://doi.org/10.1016/j.cub.2024.06.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2024.06.016&domain=pdf


Figure 1. Visual input during active fixation

(A–C) Eye movements continually modulate visual signals to the retina. (A) An oculomotor trace superimposed on the observed image. The insert zooms in to

show two periods of fixational motion (ocular drifts) separated by a small saccade (microsaccade).

(B) The spatiotemporal stimulus impinging onto the retina during an intersaccadic period.

(C) The luminance modulations experienced by an individual photoreceptor for two different amounts of fixational motion. Larger eye drifts tend to yield stronger

and faster modulations during viewing of natural scenes.

(D–F) Consequences of varying the amplitude of the fixational motion. (D) Two traces drawn from a Brownian motion model of ocular drift. In this model, the

amount of motion depends on the diffusion constant, a parameter that describes how rapidly the eye moves away from its original position (DL = 40 arcmin2/s;

DS = 10 arcmin2/s). The stimulus is a 16 cycle/deg grating. (E) Fraction of stimulus power that the fixational eye motion makes available at a given temporal

frequency on the retina. Increasing the extent of fixational motion yields modulations over a broader range of temporal frequencies. (F) Spatio-temporal power

redistribution as a function of the diffusion constant. The dashed vertical lines correspond to the two curves in panel E.

(G) Temporal frequency sections through the power redistribution function (triangles in F). Note that the amount of motion that maximally stimulates the retina

varies with temporal frequency sensitivity.
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Figure 2. Influence of fixational motion on vi-

sual sensitivity

(A) Human observers reported the orientation

( ± 45
�
) of a 58

�
350

�
grating while exposed to the

visual input signals resulting from different amounts

of fixational motion. This was achieved via gaze-

contingent display control, by moving the stimulus

on the display (green arrows) following the line of

sight (blue arrows) with a range of stabilization

gains, g. Depending on the stabilization gain, the

resulting motion on the retina (yellow arrows) was

attenuated (g> 0) or amplified (g< 0) relative to

normal (g = 0). To minimize changes in eye move-

ments across conditions, a retinally-stabilized gray

disk (a 1
�
diameter artificial scotoma) prevented

foveal exposure of the stimulus (a 16 cycles/deg

grating).

(B) This procedure was effective in delivering a

desired amount of motion on the retina. The mean

estimated diffusion constants of fixational motion

(black circles) were close to those expected theo-

retically assuming perfect compensation and that

eye movements are not influenced by the gain (dashed line; see also Figure S1). Black circles and error bars represent average values and ± one SEM across

subjects (N = 7). Colored triangles are the data from individual subjects.

(C) Dependence of contrast sensitivity on the stabilization gain. Data points represent changes relative to each subject’s individual sensitivity, averaged across

conditions. Graphical conventions are as in B. Sensitivity was impaired when retinal image motion was attenuated or amplified (�p = 0:0351 and ��p = 0:0002,

respectively; Tukey’s HSD post-hoc tests). See also Figure S2.
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drift—as in the two examples in Figure 1E—as the diffusion con-

stant varies systematically. Note that the power delivered at indi-

vidual temporal frequencies (the sections marked by triangles in

Figure 1F) peaks at progressively higher diffusion constants as

temporal frequency increases (Figure 1G). Thus, changes in fixa-

tional motion are expected to modulate the efficacy of input sig-

nals in driving visual responses, as they alter the strength of the

signal within the temporal bandwidth of visual sensitivity.

This input reformatting enables formulation of quantitative pre-

dictions about the impact of eyemovements. If indeed sensitivity

relies on fixational modulations, we would expect it to follow the

power released at non-zero temporal frequency, with sensitivity

peaking for a motion amount that maximizes the total power

delivered within the temporal bandwidth effective in eliciting re-

sponses. This prediction contrasts with those of traditional views

arguing for purely spatial mechanisms in constraining spatial

selectivity. Those views would predict sensitivity to either

(A) progressively decline with increasing amount of motion (see

the black curve in Figure 1G) if spatial processing relies on the

stationary image on the retina and discards fixational fluctua-

tions; or (B) to remain largely unaffected by the characteristics

of motion if the visual system uses fixational modulations of lumi-

nance to simply ‘‘refresh’’ neural activity, embodying the wide-

spread notion that small motion—irrespective of its characteris-

tics—enhances sensitivity to the image on the retina.

To test these predictions, we asked human observers to

report whether a grating was tilted clockwise or counterclock-

wise ( ± 45
�
) while the motion of the stimulus on the retina was

controlled via gaze-contingent display. Using a custom appa-

ratus for updating the display in real-time according to high-res-

olution measurements of eye movements,17,18 we moved the

stimulus proportionally to the ongoing gaze shift, De: Dx =

gDe, where g represents the stabilization gain (Figure 2A).

When g = 0, the image was stationary on the monitor so that
the stimulus moved normally on the retina because of the natural

eye drift. When g = 1, the stimulus moved with the eye to keep

the image fully stabilized on the retina. Similarly, gains between

0 and 1 and negative gains respectively attenuated and amplified

retinal image motion. Only trials in which the stimulus moved

solely because of fixational drift (no saccades ormicrosaccades)

were considered in this study.

Previous studies have indicated that stimulus within the fovea

influences ocular drift.5,15,32–35 In our experiments, to maintain

the quality of retinal stimulation consistent and equalize possible

extraretinal influences, special care was taken to minimize

changes in eye movements across gain conditions. This was

achieved by presenting a high-frequency stimulus (a 16 cycle/

deg grating, as in Figure 1D) while preventing foveal stimulation

bymeans of an artificial scotoma, a retinally stabilized gray patch

with diameter of 1�. Offline examination of recorded oculomotor

traces confirmed that this approach was effective in maintaining

uniform statistics of eyemovements across gains (Figure S1) and

that the amount of retinal motion varied with the gain parameter

as expected (Figure 2B), thus confirming that eye movements

did not compensate for the altered stabilization gain. Deviations

fromperfect oculomotor compensation (dashed line in Figure 2B)

were only visible for the case of full retinal stabilization (g = 1),

where small measurement errors around 10 and delays in the

apparatus (typical delay, 7.5 ms) unavoidably prevented perfect

immobilization of the stimulus on the retina.

Contrast sensitivity varied greatly with the stabilization gain,

yielding a non-monotonic pattern that peaked under conditions

of normal retinal motion (Figure 2C). Compared to normal

viewing, sensitivity fell by approximately 10% with attenuated

motion and by 34% when fully stabilized on the retina (p =

0:0351, Tukey’s HSD post-hoc test). Increasing retinal image

motion also had a negative impact. Sensitivity was comparable

to the level measured under full stabilization when retinal
Current Biology 34, 3265–3272, July 22, 2024 3267



Figure 3. Fixational luminance modulations

predict visual sensitivity

(A and B) Comparing psychophysical data to the

consequences of input reformatting resulting from

fixational motion. (A) Average contrast sensitivity

measurements (left ordinate; same data as in Fig-

ure 2C), now reported as a function of the diffusion

constant of retinal motion (abscissa). The red

curves (right ordinate) show the power distributions

of fixational luminance modulations at individual

temporal frequencies (the curves in Figure 1G,

normalized by their peaks). Note that sensitivity

data well align with the power available at 5 Hz.

(B) Coefficient of determination in fitting contrast

sensitivity measurements with the spectral density

functions at individual temporal frequencies. Data

are well predicted by the power in a narrow fre-

quency band. The shaded gray region represents ±

one standard error.

(C and D) Comparing psychophysical data to the

strength of the visual input effective in driving retinal

neurons. (C) The same data as in A now plotted

together with the strength of the input signal deliv-

ered within the range of sensitivity of a parvocellular

neuron (the integrated power weighted by the cell’s

temporal sensitivity,36 right ordinate). (D) Direct

comparison between contrast sensitivity and the

effective input to a model parvocellular cell. Solid gray and dashed lines show linear regression (slope 0.86) and 95% confidence intervals (0.64–1.07),

respectively (see also Figure S3). In A, C, and D, filled black symbols and error bars represent averages and standard errors across subjects for each gain

condition. Colored symbols are data from individual subjects. Symbol shapes indicate whether retinal image motion was attenuated (g> 0; downward triangles),

amplified (g< 0; upward triangles) or unchanged (g = 0; circles). See also Figure S4.
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imagemotionwas doubled relative to normal (g=�1; a reduction

of � 30%), and it dropped even more when motion was further

amplified, resulting in an average reduction of 56% with g = �2

(p = 0:0002, Tukey’s HSD post-hoc test). Thus, performance

is highest with normal fixational motion and deteriorates when

the retinal motion is either increased or attenuated. This effect

cannot be explained by a varying degree of visuomotor contin-

gency (i.e., the consistency between eye movements and retinal

motion) across gain conditions: the same pattern of results was

also obtained in control experiments in which retinal motion

was varied while ensuring that there was always no consistency

between the visual input and oculomotor activity (see Figure S2).

To inquire into themechanism responsible for these results,we

examined how contrast sensitivity varies with the strength of the

luminance modulations resulting from eye movements. To this

end, Figure 3A replots the contrast sensitivity measurements as

a function of the diffusion constant of retinal motion. As shown

by these data, motion attenuation and amplification are not

equivalent in their perceptual influences. Sensitivity falls sharply

when retinal image motion is less than normal, as shown by the

strong perceptual impairment observed under full retinal stabili-

zation (a reduction in the motion diffusion constant by � 10

arcmin2/s). In contrast, amplification of fixational motion appears

to have a more gradual influence, and the diffusion constant had

to be increased bymore than 40 arcmin2/s to produce an impair-

ment comparable to that resulting from full stabilization.

Interestingly, the way sensitivity changes as a function of the

amount of retinal motion closely follows the strength of the visual

signals delivered by fixational modulations in an intermediate

range of temporal frequencies (the inverse u-shaped curves in

Figure 1G). To provide a qualitative comparison, these curves
3268 Current Biology 34, 3265–3272, July 22, 2024
are re-plotted normalized by their peaks in Figure 3A (red

curves). A more quantitative analysis is given in Figure 3B, which

reports the proportion of variance in sensitivity across gain con-

ditions (the coefficient of determination R2) that is explained by

the luminance fluctuations at any given temporal frequency

(the abscissa in Figure 3B). As shown by these data, sensitivity

is well predicted by the strength of the luminance modulations

delivered in a narrow frequency band around 5 Hz.

Neurons in the retina are known to respond strongly to tempo-

ral changes. Figure 3C compares perceptual measurements to

the estimated efficacy of fixational modulations in driving the re-

sponses of parvocellular ganglion cells, the neurons that are

likely to respond to the high spatial frequency of the stimulus

used in our experiments. The red curve in Figure 3C represents

the total power made available by the motion of the eye in the

form of changes in luminance—i.e., the power delivered at

non-zero temporal frequencies—integrated by the temporal

sensitivity of parvocellular neurons, as reported in the neuro-

physiological literature.36 The similarity between this input signal

and psychophysical measurements is striking, particularly

considering that the comparison is parameter-free. A direct

comparison between psychophysical data and the strength of

fixational modulations is provided in Figure 3D. Performance

and power are not only very strongly correlated (rð33Þ = 0:81,

p< 0:001) but they also appear to be nearly proportional: the

slope of the power-law regression is 0.86, with a confidence limit

that includes 1 ( Figure 3D). Thus, the temporal power delivered

by fixational modulations is a good predictor of how contrast

sensitivity changes with the amount of motion.

The results presented so far lead to an intriguing hypothesis.

Ocular drift is known to vary naturally across fixations, at times
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Figure 4. Visual consequences of the physio-

logical variation in fixational motion

(A) Subjects (N = 5) reported the orientation ( ± 45
�
)

of a grating (spatial frequency: 0.8 or 10 cycles/deg)

during normal fixation. The stimulus contrast was

adjusted for each individual subject to yield � 75%

correct responses.

(B) Strength of fixational modulations (the input

power filtered by temporal visual sensitivity40) as a

function of the diffusion constant of motion. A

Brownian motion model of ocular drift predicts that

varying the amount of fixational motion yields

opposite effects during viewing of stimuli at low and

high spatial frequencies.

(C) Natural trial-to-trial variation in fixational motion

for one subject. The histogram represents the dis-

tribution of the motion diffusion constants esti-

mated in individual trials.

(D) The mean diffusion constants for trials in the

bottom and top 40th percentiles (small and large

trials, respectively; blue dashed lines in C) differ

considerably. Error bars represent ± one standard

deviation. Triangles are data from individual sub-

jects.

(E) Proportion of correct responses in the two

groups of trials. Increasing the amount of motion is

beneficial at low and detrimental at high spatial frequency (�p = 0:027 and 0.047, respectively; two-tailed paired t-tests. N = 5). Black symbols and error bars

represent means and SEM across subjects. Colored symbols are data from individual subjects.
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moving the eyes more and in other occasions keeping gaze

narrowly centered. As shown in Figure 1, these movements

result in different reformatting of spatial patterns into luminance

modulations on the retina. Since the data in Figure 3 show that

visual sensitivity varies with temporal power, the hypothesis

emerges that the physiological variability in fixational control

may contribute to trial-to-trial fluctuations in performance during

assessments of visual functions.37–39

This hypothesis can be made more specific by considering

how the oculomotor reformatting of visual input signals varies

with the spatial characteristics of the stimulus. The consequence

of a change in the amount of fixational motion critically depends

on the spatial frequency of the stimulus. This effect is shown in

Figure 4B for the Brownian model of fixational motion. The two

curves represent the strengths of fixational luminance modula-

tions—the input signal filtered by the temporal sensitivity of the

visual system40—as a function of the motion diffusion constant

during viewing of gratings at either low (0.8 cycle/deg) or high

spatial frequency (10 cycles/deg). An increment in the amount

of motion has opposite effects on the power of fixational modu-

lations delivered by these two stimuli. A larger motion yields a

stronger input during exposure to a stimulus of low spatial fre-

quency, as it amplifies luminance modulations (solid line, green

arrow). In contrast, a larger fixational motion weakens the visual

input for a stimulus of high spatial frequency, as power shifts to

temporal frequencies that are beyond the range of visual sensi-

tivity (dashed line, blue arrow). Thus, we would expect an incre-

ment in motion to be perceptually beneficial at low spatial fre-

quencies and detrimental at high frequencies.

To test these predictions, we measured performance in a

discrimination task similar to theoneof theprevious experiments.

However, rather than manipulate retinal image motion experi-

mentally, we merely tracked spontaneous trial-to-trial variations
in eye movements. As in Figure 2, subjects reported whether a

grating was tilted clockwise or counter-clockwise by 45
�
, but

they were here exposed only to the normal motion provided by

their fixational drifts (Figure 4A). In separate blocks of trials, grat-

ings were either at low (0.8 cycle/deg) or high spatial frequencies

(10 cycles/deg) with contrast at their respective threshold levels.

To quantify motion variability, we evaluated the motion diffusion

constant in each trial and estimated its distribution (Figure 4C).

As expected, ocular drift varied considerably through time,

yielding considerably different values for trials with diffusion con-

stants in the lower and upper 40th percentiles (Figure 4D). Fig-

ure 4E compares perceptual performance in these two groups

of trials. In keeping with the strength of fixational modulations in

Figure 4B, the amount ofmotion had a strong influence on perfor-

mance: a largermovementwas beneficial with the low-frequency

0.8 cycles/deg stimulus (p = 0:027) but detrimental at 10 cycles/

deg (p = 0:047, two-tailed, paired t-test). Thus, variations in the

amount of motion affect visual sensitivity as predicted by their

temporal reformatting of visual input signals.

In sum, the results of these experiments confirm the prediction

from neural models30 that eye movements participate in shaping

visual sensitivity. This action stems directly from the conse-

quences of eye movements for visual input signals, rather than

their associated extraretinal influences41–45: by regulating the

extent by which luminance modulations fall within the temporal

bandwidth of the visual system, the fixational motion of the eye

effectively controls the contrast of the stimulus on the retina.

Contrary to the traditional notion of a non-specific gain resulting

from a global ‘‘refreshing’’ of neural activity, this modulation is

not uniform across spatial frequencies, but it respectively en-

hances sensitivity to lower and higher spatial frequencies when

the amount of motion increases or decreases. Our results

show that this effect is robust and occurs during both passive
Current Biology 34, 3265–3272, July 22, 2024 3269



ll
Report
exposure to controlled retinal stimulation and during a normally

active fixation.

These findings add to a growing body of evidence supporting

the idea that spatial vision relies heavily on the oculomotor-

shaped temporal flow of visual information.12,46 The luminance

modulations from ocular drifts,15,16 microsaccades,33 sac-

cades,47 and even eye blinks48 have all been found to be bene-

ficial in spatial frequency ranges that are consistent with their

structure. This scheme of visual encoding is computationally

parsimonious, as it assumes common neural mechanisms for

operating on luminance transients, irrespective of their origin.

The present results go beyond the previous literature by

providing direct evidence that visual sensitivity closely follows

the spatial information contained in the luminance modulations

delivered by eye movements. Specifically, our data show that

the previously reported optimal range of temporal sensitivity

for externally moving stimuli49 also seems to be responsible

for shaping spatial sensitivity during fixation. Since the amount

of fixational eye motion determines how the strength of these

temporal signals varies with the spatial frequency of the stim-

ulus, our results show that spatial sensitivity during fixation is

not just determined by the spatial tuning properties of neuronal

receptive fields but also by how the eye moves during the

acquisition of visual information. Additionally, this finding raises

the hypothesis that a portion of the fluctuations in perceptual

performance37–39 can be explained by the trial-to-trial varia-

tions in drift trajectories that normally occur during the course

of an experiment.

While in this study we have focused on the consequences of

fixational eye movements for a system-level property of spatial

vision, contrast sensitivity, similar considerations apply to the

spatial tuning of individual neurons in the visual pathways de-

parting from the retina. Both in the retina and at later stages

of processing, neurons vary in their selectivity to spatial fre-

quency.36,50–53 Our results predict that selectivity measurements

obtained in the presence and absence of eye movements, as in

awake and anesthetized preparations, will differ because of the

input reformatting resulting from eye movements. Specifically,

measurements obtained with limited or altered fixational motion

will be influenced by temporal modulations that differ in structure

from those caused by a normally active fixation.

These considerations highlight the importance of paying

attention to both the spatial and temporal characteristics of

retinal stimulation when evaluating visual functions. In vision

research, the temporal properties of the stimulus are often

considered of subordinate importance relative to its spatial

configuration. However, strong unnatural transients, such as

abrupt stimulus onsets, yield spatial distributions that differ

widely from those experienced during normal viewing, even

from saccades.54 For example, delivering the stimulus by means

of a 30-Hz train of flashes, as it happens in scanning laser oph-

thalmoscopes,55 will yield useful temporal signals even in the

absence of eyemovements, as the temporal redistribution of po-

wer resulting from oculomotor activity gets convolved with the

modulation in the stimulus contrast. In these conditions, partial

attenuation of retinal image motion is expected to be beneficial

(see the modeling prediction in Figure S4). This observation

has been confirmed experimentally,56 but its implications have

been examined without consideration of temporal factors,
3270 Current Biology 34, 3265–3272, July 22, 2024
leading to the conclusion that fixational eye movements are

not optimal for vision, an inference that conflicts with the results

of Figure 2.

Our findings carry important implications regarding the func-

tions of fixational oculomotor control32,57–59 and the conse-

quences of abnormal eye movements.60–64 Since, as we show,

spatial selectivity critically depends on the amount of retinal im-

age motion, the hypothesis emerges that task-dependent regu-

lation of retinal motion may be an important goal of fixational

control. In this view, the less-rapid eye drifts observed in high-

acuity judgments15,33 could be regarded as the outcome of a

control mechanism aimed at shifting selectivity toward higher

spatial frequencies. Furthermore, many visual impairments are

associated with abnormal fixational stability,63,65–67 which alters

the structure of the temporal signals impinging onto the retina.

Our results raise not only the hypothesis that changes in the tem-

poral flow of visual stimulation could account for some of the vi-

sual impairments observed in these conditions but also that

changes in fixational behavior could stem from attempting to

compensate for impaired visual sensitivity. Further work is

needed to investigate these emerging hypotheses.
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Further information and requests for resources should be directed to andwill be fulfilled by the LeadContact, Michele Rucci (mrucci@
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Materials availability
This study did not generate new unique reagents.

Data and code availability

d The dataset generated in this study have been deposited to Mendeley Data: https://doi.org/10.17632/pnyjrd93s7.1 and is pub-

licly available as of the date of publication.

d This study used standard programmed scripts developed in MATLAB that are available from the lead contact upon request.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects
Twelve naı̈ve subjects (9 females and 3 males; age range: 21-31 years) took part in the study, 7 in the controlled motion experiments

of Figures 2 and 3, 5 in the experiment of Figure 4, and 3 in the experiments of Figure S2. All subjects possessed uncorrected 20/20

vision, tested by a standard Snellen eye-chart, andwere compensated for their participation. Informed consent was obtained from all

participants following the procedures approved by the University of Rochester and the Boston University Charles River Campus Insti-

tutional Review Board.

METHOD DETAILS

Stimuli and apparatus
Stimuli consisted of large-field sinusoidal gratings (Figures 2 and S2) or Gabor patches (Figure 4) tilted by ±45

�
relative to the vertical

axis and displayed over a uniform background (luminance 7 cd=m2; field size: 58
�
by 50

�
). In the controlled motion experiments (Fig-

ure 2), the grating was 16 cycles/deg and foveal vision was eliminated by an artificial scotoma to minimize the possibility that eye

movements would change with the stabilization gain. The artificial scotoma was a circular (1
�
diameter) opaque gray region at back-

ground luminance with a surrounding 0:5
�
annulus of tapered transparency, which remained centered on the line of sight as the eyes

moved normally during fixation. Gabor patches had a frequency of either 0.8 or 10 cycles/deg and aGaussian envelopewith standard

deviation of 2:25
�
.

Stimuli were displayed on a gamma-corrected fast-phosphor CRT monitor in the experiments of Figures 2, 3, and 4 (Iiyama

HM204DT; refresh rate: 200 Hz) or an LCD monitor in the experiment of Figure S2 (Asus Rog Swift PG259QN; refresh rate:

360 Hz) in a dimly illuminated room. Stimuli were viewed monocularly with the right eye while the left eye was patched. The subject’s

head was immobilized by a dental imprint bite-bar and a headrest to maintain a fixed distance of 123 cm from the monitor. Move-

ments of the viewing eye were measured by Dual Purkinje Image (DPI) eye-trackers, either the commercial analog device (Fourward

Technologies) or a custom digital version.17 Stimuli were rendered using EyeRIS, a system for gaze-contingent display control that
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enables real-time synchronization between oculomotor measurements and the updating of the image on the monitor.18 The average

delay of stimulus updating in these experiments was 7.5 ms (maximum delay 10 ms).

Data collection
Data were collected inmultiple experimental sessions, each lasting approximately 1 h.Within each session, 10-15min blocks of trials

were separated by brief breaks in which the subject was allowed to exit the apparatus and rest. Every session started with preliminary

procedures aimed at ensuring optimal eye-tracking and gaze-contingent control. Precise spatial registration between eye move-

ments and the stimulus on the monitor was obtained by a two-step calibration procedure that mapped oculomotor signals from

the DPI into display coordinates.68 In this procedure, themapping obtained bymeans of a standard 33 3 grid was refined in a second

gaze-contingent phase, in which subjectsmanually corrected possible offsets in the estimated position of gaze, now displayed in real

time on the monitor. This correction was performed using a joypad while fixating on each point of the calibration grid. To counteract

possible misalignments caused by drifts in the apparatus or minute headmovements, this gaze-contingent refinement was repeated

for the central grid point every 5 trials.

Perceptual task
In a forced-choice procedure, subjects reported whether the grating was tilted to the left or to the right. The orientation of the stimulus

varied randomly across trials. Each trial started with the subjects fixating for 500 ms on a marker (a 100 dot) at the center of a uniform

gray field. The stimulus then appeared gradually with linearly increasing contrast over an initial period (800 ms in Figure 2, 500 ms in

Figure 4), whichwas followed by 500ms exposure at the plateau contrast. A large-fieldmaximum contrast noisemask ended the trial,

prompting subjects to report the perceived orientation of the grating by pressing one of two buttons on a joypad. The contrast of

the grating varied adaptively across trials following the Parametric Estimation by Sequential Testing (PEST) procedure69 aiming

for � 75% correct discrimination for each individual.

In the experiments of Figures 2 and S2, the gain g of retinal stabilization was varied systematically to control retinal motion.56,70,71

That is, as the eye moved byDe, the stimulus also moved on the display byDs = gDe. Consequently, the stimulus remained immo-

bile on the monitor for g = 0 (normal viewing) and immobile on the retina for g = 1 (full retinal stabilization). Gain values between zero

and 1 decreased the amount of retinal imagemotion, whereas negative g amplified retinal imagemotion bymoving the stimulus in the

opposite direction of the eye, so that, on the retina, it moved in the direction consistent with normal viewing, but over a larger distance.

The gain varied randomly across blocks of trials, taking values of 1, 0.5, 0,�1, and�2. In Figure S2, the stimulus alwaysmoved on the

display to fully compensate for the subject’s eyemovements, while a previously recorded oculomotor tracewas superimposed to this

motion and scaled by a desired gain. In each trial, the superimposed trace was randomly selected from a database of ocular drift

recordings collected while the subject maintained fixation. This approach enabled control of the amount of retinal imagemotion while

eliminating visuomotor contingencies.

QUANTIFICATION AND STATISTICAL ANALYSIS

Psychophysical performance
Contrast thresholds reported in this study represent the contrast values yielding 75% correct discrimination. Thresholds were esti-

mated by using all tested contrast levels and modeling psychometric functions with cumulative log-normal curves via the maximum

likelihood procedure proposed by.72 Contrast sensitivity was defined as the inverse of the estimated contrast threshold. The mean

sensitivity data reported in Figures 2 and 3 represent averages across subjects after normalizing each individual by their average

sensitivity across all gains. In Figure 4, only trials with stimulus contrast close to the 75% threshold were considered. To ensure reli-

able estimation of diffusion constants, performance was then evaluated over the pools of trials in which the eye moved considerably

more or less than average.

Oculomotor data
Analog eye movement traces were first low-pass filtered at 500 Hz and then sampled at 1 kHz together with binary signals marking

blinks and periods of no-tracking, which were automatically detected by the eye-tracker. The digital DPI directly provided time series

sampled at 1 kHz. The sampled oculomotor traces were then segmented into periods of saccades and drifts by means of a speed

threshold of 2
�
/s as previously described.15 In this study we only considered the trials in which the eye moved exclusively because of

ocular drift. All trials containing blinks, saccades or microsaccades during stimulus presentation were discarded from data analysis.

Instantaneous speed and curvature of the recorded traces were estimated after low-pass filtering oculomotor data with a Savitzky–

Golay filter with cut-off frequency at approximately 40 Hz. The diffusion constants of the equivalent Brownianmotion processes were

estimated as described below for the retinal trajectories.

Retinal input
For each trial, we reconstructed the trajectory followed by the stimulus on the retina by subtracting the position of the image on the

monitor from the estimated position of the line of sight. These traces were synchronized and saved at the end of each trial by EyeRIS,

our apparatus for gaze-contingent display control. In the case of normal viewing, (stabilization gain g = 0) the retinal trajectory was

identical to the eye drift trace.
e2 Current Biology 34, 3265–3272.e1–e4, July 22, 2024
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Wemodeled the resulting fixational motion as a Brownian diffusion process. In this model, the probability of displacement ½Dx;Dy�
after any given interval Dt follows a normal distribution:

qðDx;Dy;DtÞ =
1

4pDDt
exp

�
� Dx2+Dy2

4DDt

�

where the diffusion constant D determines the rate by which the displacement variance increases over time, s2ðtÞ = 4D Dt. This

model has been previously shown to well account for the characteristics of ocular drifts.24,73,74 It also well approximated the retinal

motion signals measured with stabilization gains gs0, all of which exhibited approximately linearly increasing variances with time.

For each subject and stabilization gain, we estimated the diffusion constantDg via linear regression of s2gðtÞ using the traces recorded

during the plateau period of stimulus presentation. The estimated Dg increased in proportion to ð1 � gÞ2 (the dashed line in Fig-

ure 2B), which is the expected behavior in the ideal case of perfect retinal stabilization and unchanged eye movements across

conditions.

Spectral analyses
The Fourier Transform of the probability distribution of gaze displacement, qðDx;Dy;DtÞ, defines the proportion of power in the stim-

ulus that the fixational motion redistributes across temporal frequencies.24 A Brownian motion model enables a closed form estima-

tion of this redistribution:

Qðk;uÞ =
2Djkj2

D2jkj4+u2
(Equation 1)

where k = ðkx; kyÞ and u represent spatial and temporal frequency, respectively.

For every spatial frequency k, the functionQ can be regarded as the power spectrum of the spatiotemporal flow of luminance deliv-

ered by a grating with fixed contrast (unit power). In our experiments, however, to minimize temporal transients from sources other

than themotion of the eye, the power of the grating varied through time, as its contrast slowly ramped up at the beginning of each trial

before reaching a plateau. This temporal modulation spreads the power of the stimulus across temporal frequencies even in the

absence of retinal motion, an operation that corresponds to a convolution in the Fourier domain. As a consequence, the power spec-

trum of the stimulus on the retina is given by:

Pðk;uÞ = jPSðuÞj2�uQðk;uÞ (Equation 2)

where +u indicates temporal convolution and PS is the Fourier Transform of the contrast profile:

PSðuÞ =
2+u2T2

0 � 2 cosðuT0Þ � 2uT0 ½sinðuðT0 � T1ÞÞ+sinðuT1Þ�
u4T2

0

with T0 and T1 representing the durations of the contrast ramp and plateau periods, respectively. In the analyses of Figure 3, we used

Equation 2 to estimate the power spectrum of the visual input signal experienced by every subject in every gain condition. This signal

varied across subjects because of their individual eye movements and how well they were compensated by our apparatus.

Relating visual signals to performance
We examined the relation between visual sensitivity and the strength of the luminance modulations resulting from the fixational mo-

tion on the retina. To this end, we asked whether a specific range of temporal frequencies exists for which variations in sensitivity

across gain conditions correlate with the visual input power made available by the fixational motion. Figure 3B reports the amount

of variance in sensitivity that is explained by the power of fixational fluctuations (estimated from Equation 2) as a function of temporal

frequency.

To estimate the efficacy of the fixational visual flow in driving perceptual and neural responses, we computed the total strength of

the resulting signal within the temporal range of sensitivity of the visual system and the retina. This signal provides a direct measure of

the response of a linear model. To this end, spectral distributions were weighted by a temporal sensitivity function H and integrated

across all non-zero temporal frequencies:

PTOT
g ðkÞ =

Z N

0+

Pgðk;uÞ$jHðuÞj2 du (Equation 3)

In Figures 4C and 4D, to compare the perceptual influences of eyemovements on stimuli at low and high spatial frequencies, we used

the temporal sensitivity of the human visual system asmeasured by Kelly (1979) under retinal stabilization (H = HK ). Thesemeasure-

ments exclude the confounds from fixational eye movements, the effects that we aim to characterize in our study. Following the

model proposed by Kelly:

HKðk;uÞ =

�
6:1 + 7:3 $

���log�u

3k

����3
�
uk exp ½� 2kðu=k + 2Þ=45:9�

where k = jk0j is the spatial frequency of the grating.
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No similar characterization of human temporal sensitivity under retinal stabilization exists for the extra-foveal viewing condition of

the experiment of Figure 2. Therefore, for the analyses in Figure 3 we used the temporal profile of parvocellular retinal ganglion cells

(H = HP), which are the neurons that are likely to respond to the high spatial frequency stimulus presented in these experiments. The

temporal frequency sensitivity of a typical neuron was modeled as in75:

HPðuÞ = Ae� 2pıd

�
1 � MS

1+ıutS

��
1

1+ıutL

�NL

This model was originally developed for cat X cells and later shown to well predict also the responses of macaque P and M cells

with proper tuning of the parameters.20,36 Parameters were taken from the neurophysiological literature to model the responses of

cells located at approximately 5
�
of eccentricity36:NL = 38, A = 67:59, d = 3:5,MS = 0:62, tL = 1:5, tS = 29:36. To account for

the attenuation in sensitivity observed in parvo-cellular neurons at low temporal frequencies,19 HP decreased linearly below 2 Hz.

Figures 3C and 3D directly compares contrast sensitivity measurements to the power of the driving visual input, estimated as in

Equation 3 with H = HP and averaged across subjects. Linear regressions for each individual subjects are reported in Figure S3.

Our results show that perceptual sensitivity closely follows the strength of the signal delivered within the temporal sensitivity of par-

vocellular retinal ganglion cells, as measured by neurophysiological experiments.
e4 Current Biology 34, 3265–3272.e1–e4, July 22, 2024
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