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Humans blink their eyes frequently during normal viewing, more often than it seems
necessary for keeping the cornea well lubricated. Since the closure of the eyelid disrupts
the image on the retina, eye blinks are commonly assumed to be detrimental to
visual processing. However, blinks also provide luminance transients rich in spatial
information to neural pathways highly sensitive to temporal changes. Here, we report
that the luminance modulations from blinks enhance visual sensitivity. By coupling
high-resolution eye tracking in human observers with modeling of blink transients and
spectral analysis of visual input signals, we show that blinking increases the power of
retinal stimulation and that this effect significantly enhances visibility despite the time
lost in exposure to the external scene. We further show that, as predicted from the
spectral content of input signals, this enhancement is selective for stimuli at low spatial
frequencies and occurs irrespective of whether the luminance transients are actively
generated or passively experienced. These findings indicate that, like eye movements,
blinking acts as a computational component of a visual processing strategy that uses
motor behavior to reformat spatial information into the temporal domain.

spatial vision | visual encoding | retina | fixational eye movements | saccade

Humans blink their eyes every few seconds. While the frequency of blinks varies greatly
across individuals and tasks (1–3), blinking is critically important: It lubricates the
eye (4, 5), regulating the precorneal tear film (6) and improving the optical quality of
the image on the retina (7). In exerting these beneficial actions, however, blinks appear
to challenge visual processing, as they temporarily occlude the external scene. Since each
blink can last as long as 300 ms (8–10), blinking significantly disrupts the acquisition
of visual information and may substantially delay motor responses to important visual
events.

This problem is further exacerbated by the attenuation in visual sensitivity that occurs
around the time of an eye blink (8, 9, 11). Humans are normally not aware of the
interruptions imposed by blinks in the visual stream entering the eye. This is a remarkable
accomplishment considering that comparable input changes would be startlingly obvious
if resulting from the external scene rather than eye blinks. This process seems to be partly
mediated by an internal suppression mechanism that attenuates visual sensitivity, akin
to the one occurring during saccadic eye movements (12–18). Since this suppression
precedes and outlasts each blink (13), it leads to reduced visibility lasting even longer
than the blink duration.

These considerations, together with the observation that humans blink more often
than necessary for keeping the eye well lubricated (6, 7, 19), suggest that eye blinks
also serve other functions. In principle, there are two complementary ways in which
blinks could contribute to visual perception: by intervening in visual processing via their
associated extraretinal signals and by directly affecting neural responses via the luminance
changes they cause on the retina. Whereas the former possibility has been the subject of
recent investigations (20, 21), the perceptual consequences of the luminance modulations
exerted by blinks have been only marginally investigated.

Several considerations suggest that these signals could be beneficial. Given that neurons
in the early visual system tend to be strongly sensitive to input changes (22–24), one
would expect blinks to sharply modulate neural activity. Indeed, transient responses have
been observed in the visual cortex at the time of eye blinks, with activity first decreasing as
the eyelids close and then rapidly recovering at the reappearance of the stimulus (25, 26).
Notably, immediately following a blink, activity rebounds to a higher level than that
present before closure of the eyelid (26), an effect driven by the reafferent stimulation
that may facilitate visual encoding.

Although they possess different characteristics, the luminance modulations caused by
other types of motor actions, eye movements, play critical roles in visual perception
(27–31). Both saccades (32–35) and ocular drifts (36, 37)—the incessant fixational
motion of the eye in between saccades (38–40)—yield luminance transients that are
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perceptually beneficial. These signals enhance vision in comple-
mentary ways, as expected from their specific characteristics, i.e.,
the distinct ways saccades and drifts transform an external spatial
scene into a spatiotemporal flow onto the retina (31, 41). The
abrupt luminance changes delivered by blinks differ considerably
from the modulations induced by eye movements. But, as is the
case for saccades (42), one may expect that, in a sufficiently low
spatial frequency range, blinks will yield a more effective input
than what would be available in their absence.

Here, we focus on the perceptual consequences of the
luminance changes resulting from blinks. We show that blinks
enhance contrast sensitivity as predicted by the characteristics
of their transients, specifically the spatial information conveyed
within the temporal range of retinal sensitivity. We further show
that this enhancement occurs for both instructed and reflexive
blinks and also during passive exposure to similar transients, even
if they are not actively generated by blinks.

Results
To predict the visual consequences of eye blinks, we first exam-
ined how their occurrence alters the luminance flow normally
impinging onto the retina (Fig. 1A). In the fixation periods in
between saccades, ocular drifts continually modulate visual input
signals. These modulations depend on the stimulus, increasing
both in amplitude and speed as the spatial frequency of the

stimulus increases (37, 43) (Fig. 1B). In contrast, the modulations
resulting from blinks do not depend on spatial frequency, as
blinks deliver signals with identical dynamics irrespective of the
stimulus. Thus, if blink transients are used by the visual system,
one may expect them to exert a stronger influence in the low
spatial frequency range, where the modulations resulting from
fixational eye movements are smaller.

We quantitatively explored this idea in simulations of the
visual input signals present during fixation (Fig. 1 C–E). We
modeled the fixational eye movements normally performed by
healthy observers as Brownian motion (44, 45), while blinks acted
by transiently interrupting the spatiotemporal luminance flow.
Fig. 1C shows the power spectrum of the simulated visual input
signal during observation of a stationary white noise stimulus,
i.e., a stimulus that contains all spatial frequencies with equal
amplitude. As shown by these data, the occurrence of an eye
blink greatly increases power at low spatial frequencies, an effect
visible over a broad range of temporal frequencies (arrows in
Fig. 1C ). In contrast, at high spatial frequencies, the luminance
modulations from blinks are comparable in amplitude to those
continually delivered during fixation by ocular drift.

To understand the efficacy of these input signals in driving
perceptual responses, we estimated the total power delivered
by blinks within the range of temporal sensitivity of the visual
system. To do this, the distribution in Fig. 1C was weighted
by the temporal function of human contrast sensitivity (46)
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Fig. 1. Predicted consequences of blink transients. (A) A sequence of eye movements (yellow trace) is interrupted by a blink (dark segment), which transiently
occludes the visual input to the retina (Bottom). The insert zooms in on the eye movements always present during fixation (ocular drift). (B) Luminance
modulations experienced by a small retinal area (3′ diameter) during exposure to the same eye drift trajectory over gratings at three different spatial
frequencies (cyan: 10 cpd; orange: 3 cpd; magenta: 1 cpd). Input changes become larger and faster with increasing spatial frequency. The Bottom graph shows
the motion of the eyelid over the pupil. Gray bars mark the periods when the eyelid closes, fully covers the pupil, and reopens. (C) Power spectra of simulated
visual input in the presence (Drift+Blink; surface with red edges) and absence of eye blinks (Drift only; surface with blue edges). Ocular drift was modeled as
Brownian motion and blinks as transient attenuation in luminance. The arrows mark the power enhancement exerted by eye blinks. (D) Power of the resulting
input signals within the temporal range of human sensitivity. (E) Blinks are expected to increase the power up to ∼5 cpd (Top panel), yielding stronger visual
input signals at low (Bottom; black line, 1 cpd) but not high spatial frequencies (gray, 10 cpd).
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and integrated across temporal frequencies. Blinks increase the
strength of input signals up to approximately 5 cycles/deg
(Fig. 1D). These considerations suggest that, like eye move-
ments (31), blinks may improve visibility by delivering luminance
modulations that effectively increase the contrast of the stimulus
on the retina. This effect is expected to occur selectively at low
spatial frequencies (Fig. 1E) and to not depend on motor signals
associated with the active production of eye blinks.

We tested these predictions in a discrimination task (Fig. 2A).
Subjects reported whether a 3-cpd grating was rotated by 45◦
clockwise or counterclockwise. The spatial frequency of the
grating was chosen near the peak of human sensitivity, within
the range where blink transients are predicted to be beneficial. In
two separate conditions, subjects were cued to blink either during
the presentation of the stimulus (Stimulus-Blink condition) or
before its appearance (No-Stimulus-Blink condition; namely, no
blink during stimulus presentation). Great care was paid to limit
sources of temporal modulations other than eye blinks, both by
slowly ramping up the contrast of the stimulus and by discarding
all trials in which subjects performed saccades of any amplitude,
including microsaccades, during stimulus presentation.

As expected, all subjects were able to blink reliably when
prompted, resulting in reaction times and blink characteris-
tics comparable to those previously reported in the literature
(9, 10, 47). The average reaction time ± SD across participants
was 398 ± 93 ms (Fig. 2B), and the average blink duration was
165±61 ms (Fig. 2C ), which effectively shortened by∼15% the
exposure to the stimulus at maximum contrast. Reaction times
and durations were not correlated (r = −0.16, P = 0.674), and

their characteristics were virtually identical in the two conditions
of No-Stimulus-Blink and Stimulus-Blink.

As shown in Fig. 2 D and E, eye blinks occurring during
the examination of the stimulus were beneficial to the task.
Despite the reduction in stimulus exposure resulting from
the blinks themselves, proportions of correct responses were
significantly higher when blinks occurred during the presentation
of the stimulus than before its appearance, (t(8) = 3.36,
P = 0.010, paired t-test; Cohen’s d = 1.12). This perceptual
enhancement was consistent across participants and reached
statistical significance in the individual data from four subjects
(P < 0.034, one-tailed Z -test corrected for continuity). Similar
results were also obtained by quantifying performance in terms
of the discrimination sensitivity index d ′, with an average
improvement of 0.52 (t(8) = 3.63, P = 0.007, paired t-test;
Cohen’s d = 1.21), which reached statistical significance in the
individual data from five subjects (P < 0.048, bootstrap one-
tailed Z -test).

These results provide support to the proposal that blink
transients are beneficial for vision. To confirm that blinks indeed
increased the strength of visual input signals, we estimated the
power spectrum of the spatiotemporal luminance flow experi-
enced by the subjects in our experiment. For every participant,
we reconstructed the visual input resulting in each trial from
observing the stimulus in the presence of the recorded eye
movements and—when performed—blinks, and estimated its
spectral density. Without blinks, the power of the luminance
modulations resulting from ocular drifts decreased approximately
proportionally to temporal frequency, as previously reported in

A D

E
B C

Fig. 2. Experimental paradigm and behavioral results. (A) Subjects were asked to report the orientation (±45◦) of a full-field (21.2◦ × 11.9◦) grating displayed
in the presence or absence of blinks. A trial started with the subject fixating at the center of the monitor for a random interval (900 to 1,100 ms). The stimulus
then appeared, ramping up in contrast up to an individually selected value. A white-noise mask ended the trial. A 50-ms beep instructed subjects to blink either
during stimulus presentation (Stimulus-Blink condition; cue 600 ms after stimulus onset) or during the initial period of fixation before the stimulus presentation
(No-Stimulus-Blink condition; cue 800 ms before stimulus onset). (B and C) Blink characteristics. (B) Probability distributions of blink reaction times. Both the
distributions from individual subjects (gray lines) and the average distribution across observers (black line) are shown. The dashed vertical line marks the
mean reaction time. (C) Probability distributions of blink duration, the period in which the pupil was fully covered by the eyelid. Graphic conventions are as
in B. (D and E) Comparison of performance in the presence and absence of blinks during stimulus presentation. The two panels show proportions of correct
responses (D) and d′ (E). Both averages across subjects (black) and individual subjects’ data (gray) are shown. Error bars represent ± one STD in D and 95% CIs
in E (**P = 0.010, ***P = 0.007; paired t-tests; N = 9 participants).
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the literature (45). In keeping with the predictions of Fig. 1C, eye
blinks during stimulus presentation significantly increased input
power over a broad band of temporal frequencies (Fig. 3A). As
a consequence, blinks yielded a more effective signal in driving
visual responses within the temporal range of human sensitivity
(Fig. 3B). On average, power increased by approximately 22%
across subjects (t(8) = 6.732, P = 1.5E − 4, paired t-test;
Cohen’s d = 2.244), an effect that also reached statistical
significance in the individual data from seven observers (P <
0.041, one-tailed Wilcoxon rank-sum test). The gain in power
was positively correlated with the change in performance, so
that the subjects who experienced stronger transients were also
the ones who improved the most in the blink trials (r = 0.6,
P = 0.09).

It is worth noting that the spectral estimations of Fig. 3 A and
B likely underestimate the real strength of blink transients, as they
do not include the additional modulations introduced by the eye
movements that accompany blinks (48, 49), which could not
be reliably measured by our apparatus (SI Appendix, Fig. S1A).
However, our power spectra do include the effects of possible
offsets in gaze position measured before and after a blink (SI
Appendix, Fig. S2A). As reported in SI Appendix, Fig. S2B, these
gaze shifts contributed for approximately 18% of the power gain

resulting from blinking (t(8) = 8.659, P = 2.5E − 5, paired
t-test; Cohen’s d = 2.886).

Considering that the dynamics of blinking may affect lu-
minance modulations, we examined how the strength of the
visual input signal varies with blink characteristics. High-speed
video recordings of eye blinks showed that two parameters are
sufficient to reliably capture the overall time course of light
intensity on the retina during the course of a blink: a) the speed
of the eyelid, which in our model is determined by the time
constant of the eyelid trajectory; and b) the duration of the
period of full eyelid closure (SI Appendix, Fig. S1). The Bottom
row of Fig. 3 shows how the power of the input modulation
varies as these two parameters change systematically. During
exposure to a 3-cpd grating, power decreased with decreasing
eyelid speed (increasing time constant) and/or increasing blink
duration (Fig. 3C ). However, changes in power were limited to
about 8% over a five-fold variation in parameter values. A lower
frequency stimulus yielded even smaller changes (see data for 1
cpd in Fig. 3D). Thus blinks appear to deliver a more effective
visual input than an equivalent period of fixation irrespective of
their exact dynamics.

The data in Fig. 3 C and D suggest that blink modulations
should be beneficial also for blinks that differ greatly in their
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Fig. 3. Consequences of eye blinks on visual input signals. (A) Power spectra of the spatiotemporal luminance signals experienced by subjects in the two
experimental conditions of Fig. 2. Both averages across subjects (thick lines) and the individual data (thin lines) are shown. The horizontal bar marks statistical
significance (P < 0.05, paired t-test, FDR corrected). (B) Blink-induced changes in the effective strength of input signals. The power in A is here weighted by
the temporal sensitivity of the human visual system and integrated across frequency. For each subject, data are normalized by the individual average in the
two experimental conditions. Circles and triangles show means across subjects and individual subjects’ data, respectively. Error bars represent ± one SEM
(***P = 1.5E − 4, paired t-test, N = 9). (C) Gain in power as a function of blink characteristics. Each data point represents the average power ratio in the
presence/absence of blinks for a specific combination of eyelid speed (ordinate) and interval of full eyelid closure (abscissa). The stimulus is a 3 cpd grating.
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temporal characteristics. To test this prediction, in a control
experiment, we examined the consequences of reflexive blinks,
which are known to have faster dynamics than the instructed
blinks of Fig. 2 (10, 50–52) and are also known to be associated
with different brain states (53, 54). To this end, we substituted
the auditory cues with air puffs. As expected, the reflexive blinks
elicited by an air puff possessed significantly shorter reaction
times (Fig. 4A) and durations (Fig. 4B) than the instructed
blinks of the previous experiment. In this experiment, we also
used smaller stimuli to further test the robustness of the effects.
Despite these differences, subjects continued to benefit from the
presence of blinks. For both participants, performance was higher
when reflexive blinks were triggered during stimulus presentation
than before its appearance (Fig. 4C ). Again, this perceptual
improvement was accompanied by an increment in the power of
retinal stimulation during blinks (Fig. 4D). Thus, both instructed
and reflexive blinks enhance visual sensitivity, and the effect seems
not to depend on stimulus size.

The model in Fig. 1 makes a more specific prediction: If
the transients delivered by eye blinks are indeed responsible
for the perceptual enhancement shown in Figs. 2 and 4, one
may expect this improvement to be confined to low spatial
frequencies, the range in which the modulations from fixational
eye movements are small. To test this hypothesis, we repeated the
experiment using gratings at either low (1 cpd) or high (10 cpd)
spatial frequency. Apart from the stimulus change, the task and
procedures were otherwise identical to those described in Fig. 2.
As before, with a low spatial frequency stimulus, the occurrence of
an eye blink enhanced performance (Fig. 5A). In contrast, blinks
had no effect during viewing of the high-frequency grating, and

discrimination performance was virtually identical when blinks
occurred before and during stimulus presentation. In keeping
with these findings and the predictions of Fig. 1, blinks also
increased the efficacy of the visual signals impinging onto the
retina during exposure to a 1-cpd grating, but not with a 10-cpd
grating (Fig. 5B). Thus, these results corroborate the idea that the
perceptual consequences of blinks measured in our experiments
originated from their luminance transients.

Our predictions are purely based on the characteristics of
the visual signals delivered by blinks: These abrupt transients
redistribute the spatial power of the stimulus across temporal
frequencies, effectively yielding a stronger driving input at low
spatial frequencies. These considerations imply that the visual
system should benefit from these transients irrespective of their
origin, i.e., whether caused by blinks or generated from the
external stimulus.

To investigate this hypothesis, in a fourth experiment, rather
than instructing subjects to actively blink, we passively exposed
them to reconstructions of blink transients obtained by directly
modulating the luminance of the stimulus on the display
(Fig. 6A). The results in Fig. 6 show that exposure to simulated
blinks is beneficial. Performance was significantly higher in
the simulated-blink trials than in the absence of the abrupt
luminance changes, an effect evident both in the percentages
of correct responses (t(5) = 3.254, P = 0.023, paired t-test;
Cohen’s d = 1.329; Fig. 6B) and in the discriminability index
(t(5) = 3.847, P = 0.012, paired t-test; Cohen’s d = 1.571;
Fig. 6C ). The extent of the improvement obtained with simulated
blinks was comparable in magnitude to that measured with real
eye blinks in the experiment of Fig. 2 (P = 0.864 and P = 1.000
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Fig. 4. Perceptual enhancement from reflexive blinks. (A and B) Comparison between the characteristics of reflexive blinks elicited by air puffs (black lines)
and the instructed blinks of Fig. 2A (gray lines). Data represent the probability distributions for blink reaction times (A) and durations (B). Separate panels show
data from different subjects. Dashed lines mark the distribution means. (C) Proportion of correct responses when reflexive blinks occurred before (white bars)
and during stimulus presentation (gray bars). Error bars are ± one STD. (D) Comparison of the strength of retinal stimulation in the two conditions, as in Fig. 3B.
Graphic conventions are as in panel C. Error bars represent± one SEM. Probability values are the results of Z-tests corrected for continuity in C and two-sample
t-tests in D.
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range of human sensitivity by the eye movements and blinks recorded in the two experimental conditions. Error bars indicate ± one SEM. Probability values
are the results of Z-tests corrected for continuity in A and two-sample t-tests in B.

for correct rate and d ′, respectively; Wilcoxon rank-sum test).
This enhancement was highly consistent across subjects: All
participants exhibited higher performance in the simulated-blink
condition, as directly visible in their individual data (Fig. 6 B
and C ). Thus, passive exposure to brief luminance transients
similar to those resulting from eye blinks enhances visual
sensitivity.

Discussion
Humans blink their eyes frequently during normal viewing,
more often than it seems necessary for refreshing the tear film
(6, 7, 19). Since each blink lasts 100 to 300 ms, it is estimated
that an individual can spend as much as 10% of their awake time
while blinking (55). It has long been questioned how the visual
system deals with the associated interruptions in the input to
the retina (8, 9, 56) and whether eye blinks serve other functions
besides lubricating the eye (4, 5). The results of this study provide
a possible answer to these questions; rather than impairing visual
processing as commonly assumed, blinks serve a computational
function: They enhance sensitivity to low spatial frequencies via
their luminance transients.

Specifically, our data show that a) discrimination of spatial
patterns is facilitated when blinks occur during stimulus presen-
tation (Fig. 2); and that b) blink transients deliver powerful
luminance modulations within the temporal range of visual
sensitivity, increasing the strength of input signals relative to
sustained fixation (Fig. 3). These effects only occur for stimuli
at sufficiently low spatial frequencies (Fig. 5), as predicted by
a model of the spatiotemporal luminance flow to the retina
(Fig. 1). Furthermore, they occur for both instructed and reflexive
blinks (Fig. 4), and irrespective of whether abrupt luminance
transients are actively generated by blinks or passively experienced
(Fig. 6), an observation that controls for possible extraretinal
contributions as well as changes in retinal image quality with
blinks. The resulting perceptual improvements are considerable,
sufficient in our experiments to overcome the temporal loss in
stimulus exposure, so that eye blinks effectively contribute to the
processing of visual information.

At first sight, our findings appear to conflict with the
considerable evidence of a perceptual suppression accompanying
blinks (8, 9, 11). Ingenious experiments that projected light

directly onto the retina through the mouth (8) or used specula
to keep the eyelids open (11, 57) have revealed an attenuation
in sensitivity that precedes and outlasts the blink itself (13).
These studies, however, focused on a different question than the
one investigated here: how blinks affect the visibility of transient
events, such as a briefly displayed probe. These events are rare un-
der natural viewing conditions, and their luminance modulations
interact with those normally resulting from blinks. In contrast,
here we focused on how blinks influence the representation of
a stationary scene continuously present throughout the blink, as
it normally occurs outside the laboratory. To this end, in our
experiments, we were careful to minimize all transients other
than those caused by eye movements and the blinks themselves.

In fact, our results provide a possible explanation for the reports
of previous studies that did not temporally manipulate stimuli,
including the observations that blinks counteract and prevent
image fading during prolonged fixation (58, 59). This effect is
what one would expect from a visual system that exploits blink
transients to enhance sensitivity to low spatial frequencies. Our
results are also consistent with the neural modulations measured
at the time of eye blinks. Intracranial electrocorticographic
recordings in humans (26) indicate that the changes in visual
stimulation elicited by blinks sharply modulate neural responses,
with an initial drop in activity followed by a strong overshoot
at stimulus reappearance. This signal is consistent with the
spatiotemporal redistribution of power in Fig. 3, which predicts
strong responses when the eyes reopen.

It is worth pointing out that the perceptual improvement
measured in our study differs from the attentional influences
previously reported in the literature (21). Blinks have been found
to be beneficial in rapid serial visual presentations (RSVP), in
which subjects identify target stimuli in random streams of
distractors. This effect has been attributed to an attentional
facilitation following blinks (20) and, unlike the enhancement
we observed, only occurs with real blinks, not simulated ones. In
fact, this facilitation is unlikely to be caused by the luminance
modulations delivered by blinks, which, in an RSVP procedure,
are swamped by the transients resulting from the rapid succession
of images. In contrast, the perceptual enhancement measured in
our experiments follows the structure of blink-induced luminance
modulations: It occurs with both real and simulated blinks; and
is present at low but not high spatial frequencies.
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Fig. 6. Perceptual consequences of simulated blinks. (A) In an experiment similar to that of Fig. 2A, subjects were exposed to changes in the stimulus that
resembled the luminance transients elicited by eye blinks. Each simulated blink consisted of a brief period of stimulus blanking with onset and duration
randomly sampled from the previously collected individual blink data. (B and C) Comparison of performance in the presence and absence of a simulated blink.
The two panels show proportions of correct responses (B) and d′ (C). Both averages across subjects (N = 6; black) and individual subjects’ data (gray) are shown.
Error bars represent ± STD in B and 95% CIs in C (**P = 0.012, *P = 0.023; paired t-test).

While in this study we have focused on instructed (Fig. 2) and
reflexive blinks (Fig. 4), the robustness of luminance transients
to blink kinematics (Fig. 3 C and D) suggest that our findings
extend to the spontaneous blinks that occur during natural
viewing. In fact, several considerations suggest that our data may
underestimate the role of blink transients. Our spectral analyses
did not take into account the eye movements that occur during
blinks (48, 49), which could not be reliably measured by our
apparatus (SI Appendix, Fig. S1A). These movements likely add
temporal power by introducing modulations similar to those
resulting from saccades (42). For example, in the experiment of
Fig. 2, including some of the eye movements present during
the blink opening and closing phases (up to a conservative
speed threshold of 5 degrees/s) increased power by 11%.
Furthermore, as shown in Fig. 1D, eye blinks deliver progressively
stronger luminance modulations than ocular drifts as the spatial
frequency of the stimulus decreases. Since natural scenes contain
prominent power at low spatial frequencies, blinks are expected to
provide very effective transients outside the laboratory, enhancing
sensitivity to the coarse structure of the visual scene. Little is
presently known about the dependence of blinks on the spatial
frequency content of the stimulus, but a number of studies
indicate that blinks tend to be less frequent when examining high,
rather than low, spatial frequencies (60, 61), which is consistent
with our results.

The finding that the visual system takes advantage of blink
modulations acquires further importance in the context of visual
perception theories arguing for a temporal encoding of spatial
information (27, 62–64). During natural viewing, the retina is
continually exposed to changes in luminance, as saccades alternate

with fixational eye movements (38–40). This behavior appears to
confound the processing of spatial information (14, 15, 18, 65).
However, evidence is increasingly accumulating for an alternative
viewpoint that casts a more positive light on these input
changes (31). According to this view, spatial information is not
just conveyed by the location of neurons within maps, but also by
the way motor behavior shapes the temporal structure of neural
responses (27–29). This idea builds on the observation that the
resulting visual input signals stimulate the retina with temporal
changes rich in spatial information, which critically depend on
how the eye moves.

A number of findings from our laboratory support this
proposal of active space-time encoding. We showed not only
that fixational eye movements critically enhance—rather than
degrade—vision of fine spatial detail (40, 66), but also that
their luminance modulations are matched to the statistics of
natural scenes (45), forming a continuum with the modulations
from larger eye movements (42). The current study adds to this
previous body of work by showing that the strong luminance
transients exerted by eye blinks are also useful. Like saccades, the
luminance signals from blinks enhance low spatial frequencies
relative to ocular drift and possess temporal frequencies that
are expected to strongly activate retinal neurons (67). However,
unlike eye movements, blinks modulate luminance equally at
all spatial frequencies, thus not counterbalancing the power
spectrum of natural scenes. This implies that blinks deliver much
stronger signals than saccades at low spatial frequencies.

In the context of theories advocating for a temporal encoding
of spatial information, the notion of blink suppression acquires
an alternative conceptual interpretation. Like the attenuation
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in sensitivity that accompanies saccades (13, 15, 18), blink
suppression is believed to serve the purpose of reducing visibility
to abrupt changes in retinal stimulation, thus facilitating the
establishment of stable visual representations. However, the
possibility emerges that, rather than mechanisms for suppressing
sensitivity to sensory changes, these effects may be consequences
of using brief probes to test neural pathways tuned to extract
information from luminance transients. That is, reduced visibility
may reflect the interference between the neural responses to the
probes used to measure sensitivity and the process of extracting
spatial information from oculomotor-induced input transients.
This hypothesis is consistent with the observations that both
saccade and blink suppression are stronger for low spatial
frequency (11) and achromatic stimuli (57), which is the type
of information expected to be conveyed by saccade and blink
transients.

In sum, we have shown that the luminance transients resulting
from eye blinks enhance contrast sensitivity to low spatial
frequencies, an effect that occurs despite the loss of exposure
imposed by the blink itself. Thus, in addition to lubricating
the eye, blinks also appear to serve an information-processing
function by shaping the spatial content of the signals that fall
within the temporal range of visual sensitivity. It is known that
humans plan blinks to avoid missing salient events (68). Further
work is needed to investigate whether blinks are also strategically
executed according to the role played by their transients in the
acquisition of visual information.

Materials and Methods

Subjects. Data were collected from 12 subjects (four females and eight males;
average age 22 y). Nine and six subjects participated, respectively, in the main
experiments of Figs. 2 and 6. Two subjects took part in each of the control
experiments of Figs. 4 and 5. All subjects were paid to participate and possessed
normal emmetropic vision, as assessed via a standard eye-chart test. With the
exception of one of the authors, all subjects were naïve about the purposes of
the experiments. The full study protocol was approved by the Research Subjects
Review Board at the University of Rochester, and informed consent was obtained
from every subject.

Stimuli and Apparatus. Stimuli consisted of gray-scale gratings that were
either displayed over the entire monitor (visual angle of 21.2◦ × 11.9◦;
experiments of Figs. 2, 5, and 6) or within a Gabor window (SD 1.7◦;
experiment of Fig. 4). Stimuli were displayed for a period of 2.5 s. The frequency
of the gratings was either 3 cycles/degree (cpd; Figs. 2, 4, and 6) or alternated
randomly between 1 or 10 cpd in the experiment of Fig. 5. In all experiments,
the gratings varied randomly across trials in both orientation (±45◦ relative to
the vertical meridian) and phase (0◦, 90◦, 180◦, or 270◦).

Stimuli were displayed on a calibrated LCD monitor (Acer Predator XB272)
at a 200-Hz refresh rate and a resolution of 1366 × 768 pixels. To increase
the contrast resolution beyond the 256 gray levels provided by the monitor,
stimuli were rendered using simultaneously the bit-stealing (69) and the
random dithering (70) techniques. This approach ensured that increments in
the stimulus contrast appeared perceptually smooth even at low values. Stimuli
were observed binocularly from a distance of about 160 cm, with each pixel
subtending ∼1′. The head of the observer was immobilized by means of a
head-rest and a custom dental-imprint bite bar.

The movement of the right eye was continuously monitored by a Dual Purkinje
Image eye tracker, either the analog commercial device (a generation 6 DPI;
Fourward Technology) or an in-house developed digital apparatus the dDPI (71).
Both systems operate by measuring the relative displacement between the first
and fourth Purkinje reflections of an infrared beam and provide subarcminute
resolution with artificial eyes. In the DPI, the analog oculomotor signal was first
low-pass filtered at 500 Hz and then sampled at 1 kHz. The dDPI directly delivers

digital measurements at either 331 Hz or 1 kHz. We measured only one eye
because of the conjugacy of eye blinks (47).

Experimental Procedures. Data were collected in blocks of 50 trials. A typical
experimental session consisted of five blocks, lasting approximately 1 h. Before
each block of trials, the subject was carefully positioned within the apparatus
and the eye tracker tuned to ensure robust tracking of the Purkinje images.
Oculomotor measurements were subsequently converted into visual angles
following procedures described in previous publications (66). Breaks in between
blocks allowed the subject to rest.

Subjects were asked to report whether a grating was tilted 45◦ clockwise or
counterclockwise. Each trial started with the subject maintaining fixation at the
center of the monitor, indicated by four arches (radius 0.5◦) on a uniformly dark
gray field (luminance 3.8 cd/m2; Fig. 2A). After a random interval of 900-1100
ms, the contrast of the grating gradually increased reaching an individually
predetermined level over a period of 1.5 s. It then remained constant for an
additional 1 s. A high-contrast white-noise mask was then displayed for 1 s over
the entire monitor to end the trial, and the observer entered their perceptual
response by pressing one of two buttons on a joypad.

In each trial, an auditory cue (a 50-ms beep) instructed the subject to execute a
blink. In half of the trials the cue occurred during the presentation of the stimulus,
600 ms after the onset of the contrast ramp (the Stimulus-Blink condition). In
the other half of the trials, the cue was given 800 ms before the ramp onset, so
that the blink occurred when the stimulus was not present (No-Stimulus-Blink
condition). Trials from the two conditions were randomly interleaved within each
block.

The specific contrast value reached by the stimulus was adjusted for each
individual subject to obtain ∼80% correct responses. This was achieved in a
preliminary calibration procedure via the PEST method (72). In some cases,
due to variability in the subject’s performance, the contrast was slightly
adjusted across experimental sessions to remain close to threshold. These
small adjustments always occurred in both Stimulus- and No-Stimulus-Blink
conditions, so that the contrast was identical in the two sets of trials. Across
subjects, the mean contrast was 0.0039 in the experiment of Fig. 2, 0.0053 in
Fig. 4 and 0.0033 in Fig. 6. For the experiment in Fig. 5, the mean contrasts were
0.0067 and 0.0450 for the low and high spatial frequency stimuli, respectively.

In the experiment of Fig. 4, the auditory cue instructing subjects to blink was
replaced by a puff of air, so that blinks were elicited reflexively. An air spray
nozzle at a distance of∼2 cm from the eye directed air toward the outer canthus
from the side of the body. The nozzle was connected via a flexible plastic tube
and a solenoid valve to an oil-free compressor (California Air Tools 2010A). The
pressure of the air puff was set to the minimum necessary to reliably elicit an
eye blink by means of a flow-regulating valve attached to the compressor with a
maximum pressure setting of 10 psi. An Arduino board (MEGA-2560) controlled
the solenoid valve to deliver the air puff either 800 ms before (No-Stimulus-Blink
condition) or 600 ms after (Stimulus-Blink condition) the stimulus onset, like
the auditory cues in Fig. 2.

To examine whether abrupt luminance transients qualitatively similar to
those caused by blinks are perceptually beneficial, in the experiment of Fig. 6,
rather than executing a blink, subjects were exposed to sudden changes in the
stimulus. Specifically, the luminance of the monitor was transiently minimized
(0.02 cd/m2) for an interval similar to that of an eye blink. Modulating the
monitor intensity was sufficient for this purpose, as most of the light in the
experimental room came from the monitor itself. In this experiment, we only
simulated the period of full eye closure, without attempting to replicate the
phases of eyelid opening and closing. Both the time of occurrence of a simulated
blink and its duration were randomly sampled with replacement from each
individual’s pool of blink data previously collected. Each subject underwent a
similar number of trials with instructed and simulated blinks. Subjects informally
reported being aware of the blank period. However, since the experiment made
no attempt to faithfully replicate the subjective visual experience of a blink,
we did not ask subjects to report on their perception of the interruption in
stimulation.

Data Analysis. Recorded eye traces were segmented into nonoverlapping
periods of blinks, saccades, and drifts. Blinks were marked by the eye tracker as
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the periods of disappearance of the first Purkinje reflection (P1), which in a DPI
device only happens when the cornea is covered by the eyelid. Given that in our
apparatus P1 is located in the lower portion of the pupil, the interval between P1
disappearance and reappearance (blink duration) approximately matched the
period that the pupil was fully covered by the palpebrae (SI Appendix, Fig. S1A).

Periods in which the eye moved faster than 3◦/s were labeled as saccades
or microsaccades based on the displacement amplitude, whether greater or
smaller than 30′, respectively. Only trials with continuous, uninterrupted eye
tracking, except in correspondence of the prompted blink, were selected for data
analysis. Furthermore, to avoid other sources of luminance modulations, in the
experiments of Figs. 2, 4, and 6, we discarded all trials that contained saccades
of any amplitude, including microsaccades. Thus, in the trials selected for data
analysis, the eye only moved via ocular drift and contained only one blink or no
blinks at all. Across all experiments, the number of valid trials for an individual
subject in a single condition ranged from 141 to 563.

To investigate the visual consequences of blinks, we compared performance
between the Stimulus-Blink trials and the No-Stimulus-Blink trials. Performance
was quantified by means of both proportions of correct responses and
discriminability index,d′. Thed′ was estimated relative to the+45◦ orientation,
i.e., false alarms were the instances in which subjects reported this orientation
when the grating was actually at −45◦. To avoid infinite d′ with hit or false
alarm rates of 0 or 1, we replaced rates of 0 and 1 with 0.5/n and 1 − 0.5/n,
respectively, where n is the number of trials (73). Subjects were run extensively
to quantify individual effects. Differences in performance between conditions
were evaluated for each subject using Z-tests and on average across subjects
using paired t-tests (8 dof in Fig. 2 and 5 in Fig. 6). For both the main experiments
of Figs. 2 and 6, the probability that effects do not generalize to the majority of
the population is smaller than 0.05 (74). The probability density distributions
of blink reaction times (the delay between the onset of the auditory cue and
the onset of blink; Fig. 2B) and blink durations (Fig. 2C) were estimated by
averaging data over 50-ms sliding windows.

Visual Input Modeling. To examine the spatiotemporal signals resulting from
eye blinks, we reconstructed the luminance flow impinging onto the retina and
estimated its power within the range of human temporal sensitivity. Given an
image I(x), where x represents space, the visual flow LI,�(x, t) resulting from
observing I(x) during a sequence of eye movements �(t) and blinks can be
expressed as

LI,�(x, t) = B(t)A(t)I
(
x − �(t)

)
, [1]

where t indicates time. A(t) represents the temporal modulations resulting
from the time-varying contrast profile of the stimulus in our experiments (the
1.5-s ramp followed by the 1-s plateau), and B(t) models the input modulations
resulting from an eye blink.

To estimate B(t), we first modeled the motion of the eyelid relative to the
pupil using high-speed video recordings of blinks (SI Appendix, Fig. S1B). The
function

E(t) =



2

1 + e−(t−tc)/�c
− 1, t <= tc closing phase

0, tc < t < to eyelid fully closed

2

1 + e−(t−to)/�o
− 1, t >= to reopening phase

[2]
assumes the value 1 when the eyelid is in its resting position for a normally
clear pupil and the value 0 when the pupil is fully closed. The instants tc and to
represent the end of the closing phase of the blink and the start of the opening
phase, respectively. The eyelid speed in these two phases is determined by the
two time constants, �c and �o.

Since our experimental measurements indicate that �c and �o are strongly
correlated (r = −0.81, P = 1.3E − 9; SI Appendix, Fig. S1C), we randomly
sampled �c from a Gaussian distribution based on our video database of blinks
(mean:−11.2 ms; SD: 2.8 ms) and correspondingly determined �o as

�o = −2.79 �c + 3.93 + ", [3]

where " is a zero-mean Gaussian random variable (5.6 ms SD) estimated from
the residual of the correlation in the experimental data of SI Appendix, Fig. S1C.

Thus, the entire eyelid trajectory was modeled with just two parameters, �c and
the duration of the period of full eyelid closure (see examples in SI Appendix,
Fig. S1D).

The termB(t) in Eq.1 varied proportionally to the amount of energy reaching
the retina during the course of an eye blink. Because of the proximity of the
eyelid to the pupil, the irradiance on the retina was assumed to be proportional
to the pupil area not occluded by the eyelid (SI Appendix, Fig. S1B):

B(t) = 1−
1
�

[
arccos

(
2E(t)− 1

)
−
(

4E(t)− 2
)√

E(t)− E(t)2
]
, [4]

which varies between 1 and 0 for a clear and fully covered pupil. Eq. 4 models
the eyelid as a sharp line, neglecting possible smoothing from the eyelashes.
We also assumed no eyelid transparency, as only a minimal fraction (less than
2% according to (9)) of light makes its way through. However, the data in Fig. 3
C and D, which examines the power of the blink modulation as a function of
eyelid speed and duration of pupil coverage, indicate that our results are very
robust with respect to the dynamics of visual stimulation during blinks. Results
also changed little assuming a greater eyelid transparency.

For every trial in the experiments of Figs. 2, 4, and 5, we reconstructed
the visual input experienced by the subject given the stimulus (I in Eq. 1)
with its dynamics and the subject’s individual contrast (A(t)), the recorded
sequence of eye movements (�(t)), and—in the Stimulus-Blink condition—the
blink modulation (B(t)). Given the optical arrangement of our apparatus, tc
and to in Eq. 2 were assumed to correspond to the blink start and end time
provided by the eye tracker. To avoid possible oculomotor artifacts as the eyelid
covers the pupil, eye movements in the 90 ms preceding tc and in the 200 ms
following to were not included in the spectral analyses. Thus, our reconstructions
of visual input signals at the time of eye blinks do not include the eye movements
that accompany blinks (48, 49), which could not be reliably measured by our
apparatus (SI Appendix, Fig. S1A), but which presumably further increase the
strength of blink transients by introducing additional luminance modulations.
Our input reconstructions, however, do include the consequences of possible
shifts in gaze position before and after a blink (SI Appendix, Fig. S2A), and �(t)
was assumed to move from the pre- to the postblink position when the pupil
was fully covered. SI Appendix, Fig. S2B quantifies the contribution of these
gaze shifts to the blink modulation by examining how power changes if the eye
remained immobile over the course of the blink.

In Fig. 1, to examine how blinks alter the luminance flow impinging onto
the retina during normal fixational instability, we compared the power of visual
input signals delivered by gratings at various spatial frequencies in the presence
and absence of blinks. Ocular drift (the term �(t) in Eq. 1) was modeled as
Brownian motion (44, 45) with a diffusion constant of 10 arcmin2/s (36, 37). The
term A(t) was here assumed to remain constant to model the consequences of
blinks on a stationary scene. B(t) was modeled as in Eq. 4 with �c = -7 ms and
a duration of 100 ms.

Spectral Estimation. In all cases, the power spectrum of the visual input was
estimated by means of the periodogram:

L(k, f) =
〈∣∣F(LI,�(x, t))

∣∣2〉
I,�

, [5]

where F represents the Fourier Transform operator, 〈〉I,� indicates averaging
across stimuli and recorded eye trajectories, and k and f are the spatial
and temporal frequencies. We used the spatiotemporal factorization approach
proposed in previous studies (42, 45). This method enhances spectral resolution
by assuming that the image on the retina and its motion are independent—a
plausible assumption on average across the visual field:

L(k, f) = I(k)
〈∣∣ ∫ A(t)B(t)e−2�ik·�(t)e−2�iftdt

∣∣2〉
�
, [6]

where I(k) is the power spectrum of the stimulus and the second term represents
the temporal redistribution of power caused by eye movements, blinks, and the
dynamics of stimulus presentation. In our experiments, we used a grating
at spatial frequency k0: I(x) = sin (2�k0x). Power spectra were estimated
separately for each participant using the individual traces of blinks and recorded
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eye movements (directly sampled or interpolated at 1 kHz), and then averaged
across subjects.

To understand how this input signal may affect perception, we computed
its power within the temporal range of human sensitivity. To this end, L(k, f)
was filtered by the known temporal sensitivity function of the human visual
system (46):

H(f) = [(i2�f� + 1)−n1 − �(i2�f�� + 1)−n2 ], [7]

where � = 1.33, n1 = 9, n2 = 10, � = 4.94, � = 1, and  = 200 as
in ref. 46. That is, we first weighted L(k, f) by H(f) and then integrated across
temporal frequencies. In Figs. 3Band 4D, to emphasize the similar consequences

of blinks irrespective of the individual stimulus contrast, the total power for each
subject was normalized by their mean in the two compared conditions, i.e., with
and without blinks during stimulus presentation.

Data, Materials, and Software Availability. Anonymized experimental data
and analysis code. Data have been deposited in GitHub (https://github.com/
Brainsanity/YangEtAlPNAS2024) (75).

ACKNOWLEDGMENTS. This work was supported by grants R01 EY18363 and
P30 EY001319 from the NIH. We thank Jonathan D. Victor and Martina Poletti
for helpful discussions and comments on the manuscript.

1. E. Ponder, W. P. Kennedy, On the act of blinking. Q. J. Exp. Physiol. 18, 89–110 (1927).
2. A. R. Bentivoglio et al., Analysis of blink rate patterns in normal subjects. Mov. Disord. 12,

1028–1034 (1997).
3. Y. S. Shin et al., Correlation between inter-blink interval and episodic encoding during movie

watching. PLoS One 10, e0141242 (2015).
4. I. Cher, A new look at lubrication of the ocular surface: Fluid mechanics behind the blinking eyelids.

Ocul. Surf. 6, 79–86 (2008).
5. N. Knop, D. R. Korb, C. A. Blackie, E. Knop, The lid wiper contains goblet cells and goblet cell crypts

for ocular surface lubrication during the blink. Cornea 31, 668–679 (2012).
6. M. S. Norn, Desiccation of the precorneal film: I. Corneal wetting-time. Acta Ophthalmol. 47,

865–880 (1969).
7. R. Montés-Micó, J. L. Alió, G. Munoz, W. N. Charman, Temporal changes in optical quality of air-tear

film interface at anterior cornea after blink. Invest. Ophthalmol. Vis. Sci. 45, 1752–1757 (2004).
8. F. C. Volkmann, L. A. Riggs, R. K. Moore, Eyeblinks and visual suppression. Science 207, 900–902

(1980).
9. L. A. Riggs, F. C. Volkmann, R. K. Moore, Suppression of the blackout due to blinks. Vision. Res. 21,

1075–1079 (1981).
10. C. Evinger, K. A. Manning, P. A. Sibony, Eyelid movements. Mechanisms and normal data.

Invest. Ophthalmol. Vis. Sci. 32, 387–400 (1991).
11. W. H. Ridder III, A. Tomlinson, Suppression of contrast sensitivity during eyelid blinks. Vision. Res.

33, 1795–1802 (1993).
12. S. B. Stevenson, F. C. Volkmann, J. P. Kelly, L. A. Riggs, Dependence of visual suppression on the

amplitudes of saccades and blinks. Vision. Res. 26, 1815–1824 (1986).
13. F. C. Volkmann, Human visual suppression. Vision. Res. 26, 1401–1416 (1986).
14. M. John Ross, C. Morrone, M. E. Goldberg, D. C. Burr, Changes in visual perception at the time of

saccades. Trends Neurosci. 24, 113–121 (2001).
15. R. H. Wurtz, Neuronal mechanisms of visual stability. Vision. Res. 48, 2070–2089 (2008).
16. F. Bremmer, M. Kubischik, K.-P. Hoffmann, B. Krekelberg, Neural dynamics of saccadic

suppression. J. Neurosci. 29, 12374–12383 (2009).
17. S. Gremmler, M. Lappe, Saccadic suppression during voluntary versus reactive saccades. J. Vis. 17,

8–8 (2017).
18. P. Binda, M. C. Morrone, Vision during saccadic eye movements. Annu. Rev. Vis. Sci. 4, 193–213

(2018).
19. M. G. Doane, Interactions of eyelids and tears in corneal wetting and the dynamics of the normal

human eyeblink. Am. J. Ophthalmol. 89, 507–516 (1980).
20. T. Nakano, M. Kato, Y. Morito, S. Itoi, S. Kitazawa, Blink-related momentary activation of the default

mode network while viewing videos. Proc. Natl. Acad. Sci. U.S.A. 110, 702–706 (2013).
21. J. W. A. Ang, G. W. Maus, Boosted visual performance after eye blinks. J. Vis. 20, 2 (2020).
22. A. M. Derrington, P. Lennie, Spatial and temporal contrast sensitivities of neurones in lateral

geniculate nucleus of macaque. J. Physiol. 357, 219–240 (1984).
23. E. Kaplan, E. Benardete, The dynamics of primate retinal ganglion cells. Prog. Brain Res. 134,

17–34 (2001).
24. J. A. Mazer, W. E. Vinje, J. McDermott, P. H. Schiller, J. L. Gallant, Spatial frequency and orientation

tuning dynamics in area v1. Proc. Natl. Acad. Sci. U.S.A. 99, 1645–1650 (2002).
25. T. J. Gawne, J. M. Martin, Responses of primate visual cortical neurons to stimuli presented by

flash, saccade, blink, and external darkening. J. Neurophysiol. 88, 2178–2186 (2002).
26. T. Golan et al., Human intracranial recordings link suppressed transients rather than “filling-in” to

perceptual continuity across blinks. Elife 5, e17243 (2016).
27. E. Ahissar, A. Arieli, Figuring space by time. Neuron 32, 185–201 (2001).
28. M. Greschner, M. Bongard, P. Rujan, J. Ammermüller, Retinal ganglion cell synchronization by

fixational eye movements improves feature estimation. Nat. Neurosci. 5, 341–347 (2002).
29. I. Kagan, M. Gur, D. M. Snodderly, Saccades and drifts differentially modulate neuronal activity in

v1: Effects of retinal image motion, position, and extraretinal influences. J. Vis. 8, 19 (2008).
30. M. Rucci, R. Iovin, M. Poletti, F. Santini, Miniature eye movements enhance fine spatial detail.

Nature 447, 851–854 (2007).
31. M. Rucci, E. Ahissar, D. Burr, Temporal coding of visual space. Trends Cogn. Sci. 22, 883–895

(2018).
32. N. Mostofi, M. Boi, M. Rucci, Are the visual transients from microsaccades helpful? Measuring the

influences of small saccades on contrast sensitivity. Vis. Res. 118, 60–69 (2016).
33. T. L. Watson, B. Krekelberg, The relationship between saccadic suppression and perceptual stability.

Curr. Biol. 19, 1040–1043 (2009).
34. M. Boi, M. Poletti, J. D. Victor, M. Rucci, Consequences of the oculomotor cycle for the dynamics of

perception. Curr. Biol. 27, 1268–1277 (2017).
35. M. Rolfs, R. Schweitzer, Coupling perception to action through incidental sensory consequences of

motor behaviour. Nat. Rev. Psychol. 1, 112–123 (2022).
36. J. Intoy, M. Rucci, Finely tuned eye movements enhance visual acuity. Nat. Commun. 11, 1–11

(2020).

37. A. M. Clark, J. Intoy, M. Rucci, M. Poletti, Eye drift during fixation predicts visual acuity. Proc. Natl.
Acad. Sci. U.S.A. 119, e2200256119 (2022).

38. M. Rolfs, Microsaccades: Small steps on a long way. Vision. Res. 49, 2415–2441
(2009).

39. E. Kowler, Eye movements: The past 25 years. Vision. Res. 51, 1457–1483 (2011).
40. M. Rucci, M. Poletti, Control and functions of fixational eye movements. Ann. Rev. Vis. Sci. 1,

499–518 (2015).
41. G. Desbordes, M. Rucci, A model of the dynamics of retinal activity during natural visual fixation.

Vis. Neurosci. 24, 217–230 (2007).
42. N. Mostofi et al., Spatiotemporal content of saccade transients. Curr. Biol. 30, 3999–4008

(2020).
43. A. Casile, J. D. Victor, M. Rucci, Contrast sensitivity reveals an oculomotor strategy for temporally

encoding space. Elife 8, e40924 (2019).
44. R. Engbert, R. Kliegl, Microsaccades keep the eyes’ balance during fixation. Psychol. Sci. 15,

431–431 (2004).
45. X. Kuang, M. Poletti, J. D. Victor, M. Rucci, Temporal encoding of spatial information during active

visual fixation. Curr. Biol. 22, 510–514 (2012).
46. A. B. Watson et al., Temporal sensitivity. Handb. Percept. Hum. Perform. 1, 1–6 (1986).
47. M. W. Stava, M. D. Huffman, R. S. Baker, A. D. Epstein, J. D. Porter, Conjugacy of spontaneous

blinks in man: Eyelid kinematics exhibit bilateral symmetry. Investig. Ophthalmol. Vis. Sci. 35,
3966–3971 (1994).

48. H. Collewijn, J. Van Der Steen, R. M. Steinman, Human eye movements associated with blinks and
prolonged eyelid closure. J. Neurophysiol. 54, 11–27 (1985).

49. L. J. Bour, M. Aramideh, B. W. Ongerboer, D. Visser, Neurophysiological aspects of eye and eyelid
movements during blinking in humans. J. Neurophysiol. 83, 166–176 (2000).

50. J. Valls-Sole, Spontaneous, voluntary, and reflex blinking in clinical practice. J. Clin. Neurophysiol.
36, 415–421 (2019).

51. R. Agostino et al., Voluntary, spontaneous, and reflex blinking in Parkinson’s disease. Mov. Disord.
23, 669–675 (2008).

52. G. Casse, J.-P. Sauvage, J.-P. Adenis, P.-Y. Robert, Videonystagmography to assess blinking. Graefes
Arch. Clin. Exp. Ophthalmol. 245, 1789–1796 (2007).

53. I. A. Mota, O. G. Lins, Bereitschaftspotential preceding spontaneous and voluntary eyelid blinks in
normal individuals. Clin. Neurophysiol. 128, 100–105 (2017).

54. K. Kaneko, K. Mito, H. Makabe, M. Takanokura, K. Sakamoto, Cortical potentials associated
with voluntary, reflex, and spontaneous blinks as bilateral simultaneous eyelid movement.
Electromyogr. Clin. Neurophysiol. 44, 455–462 (2004).

55. R. W. Lawson, Photographic evaluation of blackout indices. Nature 162, 531–532
(1948).

56. D. Bristow, J.-D. Haynes, C. D. Richard Sylvester, G. R. Frith, Blinking suppresses the neural
response to unchanging retinal stimulation. Curr. Biol. 15, 1296–1300 (2005).

57. W. H. Ridder III, A. Tomlinson, Spectral characteristics of blink suppression in normal observers.
Vision. Res. 35, 2569–2578 (1995).

58. F. J. J. Clarke, Visual recovery following local adaptation of the peripheral retina (Troxler’s effect).
Optica Acta: Int. J. Opt. 8, 121–135 (1961).

59. M. B. McCamy, S. L. Macknik, S. Martinez-Conde, Different fixational eye movements mediate the
prevention and the reversal of visual fading. J. Physiol. 592, 4381–4394 (2014).

60. P. Cho, C. Sheng, C. Chan, R. Lee, J. Tam, Baseline blink rates and the effect of visual task difficulty
and position of gaze. Curr. Eye Res. 20, 64–70 (2000).

61. N. K. Nahar, J. E. Sheedy, J. Hayes, Y.-C. Tai, Objective measurements of lower-level visual stress.
Optom. Vis. Sci. 84, 620–629 (2007).

62. H. L. Averill, F. W. Weymouth, Visual perception and the retinal mosaic. II. The influence of
eye-movements on the displacement threshold. J. Comp. Psychol. 5, 147–176 (1925).

63. W. H. Marshall, S. A. Talbot, “Recent evidence for neural mechanisms in vision leading to a
general theory of sensory acuity” in Biological Symposia-Visual Mechanisms, H. Kluver, Ed. (Cattel,
Lancaster, PA, 1942), vol. 7, pp. 117–164.

64. L. E. Arend Jr, Spatial differential and integral operations in human vision: Implications of stabilized
retinal image fading. Psychol. Rev. 80, 374–395 (1973).

65. O. Packer, D. R. Williams, Blurring by fixational eye movements. Vision. Res. 32, 1931–1939
(1992).

66. M. Poletti, M. Rucci, A compact field guide to the study of microsaccades: Challenges and functions.
Vision. Res. 118, 83–97 (2016).

67. E. A. Benardete, E. Kaplan, The dynamics of primate M retinal ganglion cells. Vis. Neurosci. 16,
355–368 (1999).

68. D. Hoppe, S. Helfmann, C. A. Rothkopf, Humans quickly learn to blink strategically in response to
environmental task demands. Proc. Natl. Acad. Sci. U.S.A. 115, 2246–2251 (2018).

69. C. W. Tyler, Colour bit-stealing to enhance the luminance resolution of digital displays on a single
pixel basis. Spat. Vis. 10, 369–378 (1997).

10 of 11 https://doi.org/10.1073/pnas.2310291121 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
U

N
IV

E
R

SI
T

Y
 O

F 
R

O
C

H
E

ST
E

R
 L

IB
, S

E
R

IA
L

S 
&

 B
IN

D
IN

G
 D

E
PT

" 
on

 A
pr

il 
2,

 2
02

4 
fr

om
 I

P 
ad

dr
es

s 
12

8.
15

1.
17

1.
12

2.



70. R. Allard, J. Faubert, The noisy-bit method for digital displays: Converting a 256 luminance
resolution into a continuous resolution. Behav. Res. Methods 40, 735–743 (2008).

71. R. J. Wu et al., High-resolution eye-tracking via digital imaging of Purkinje reflections. J. Vis. 23, 4
(2023).

72. M. M. Taylor, C. D. Creelman, Pest: Efficient estimates on probability functions. J. Acoust. Soc. Am.
41, 782–787 (1967).

73. H. Stanislaw, N. Todorov, Calculation of signal detection theory measures. Behav. Res. Methods
Instrum. Comput. 31, 137–149 (1999).

74. A. J. Anderson, A. J. Vingrys, Small samples: Does size matter? Invest. Ophthalmol. Vis. Sci. 42,
1411–1413 (2001).

75. B. Yang, J. Intoy, M. Rucci, Eye blinks as a visual processing stage. Github. https://github.com/
Brainsanity/YangEtAlPNAS2024. Deposited 9 March 2024.

PNAS 2024 Vol. 121 No. 15 e2310291121 https://doi.org/10.1073/pnas.2310291121 11 of 11

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
U

N
IV

E
R

SI
T

Y
 O

F 
R

O
C

H
E

ST
E

R
 L

IB
, S

E
R

IA
L

S 
&

 B
IN

D
IN

G
 D

E
PT

" 
on

 A
pr

il 
2,

 2
02

4 
fr

om
 I

P 
ad

dr
es

s 
12

8.
15

1.
17

1.
12

2.



1

Supporting Information for2

Eye Blinks as a Visual Processing Stage3

Bin Yang, Janis Intoy and Michele Rucci4

Michele Rucci.5
E-mail: mrucci@ur.rochester.edu6

This PDF file includes:7

Figs. S1 to S28

Bin Yang, Janis Intoy and Michele Rucci 1 of 3



0 200 400 600
Time (ms)

0pupil
covered

0.2

0.4

0.6

0.8

1
pupil
clear

Ey
el

id
 p

os
iti

on

D

-15 -10 -5
Closing     (ms)

0

20

40

60

80

O
pe

ni
ng

   
  (

m
s)

C

0 200 400 600
Time (ms)

Pupil size
0

1

0
0.2

0.4

0.6

0.8

1

Ey
el

id
 p

os
iti

on

clo
sing

cov
ere

d
ope

nin
g

model

B

0 pupil
covered

0.2

0.4

0.6

0.8

1
pupil
clear

Eyelid position

0 200 400
Time (ms)

0 200 400
Time (ms)

0 200 400
Time (ms)

-50

0

50

Ey
e 

po
si

tio
n 

(a
rc

m
in

)

Horiz.

Vert.

P4 coveredP1 coveredA

Fig. S1. Blink detection and dynamics. (A) Three examples of blink detection in a Dual Purkinje
Image (DPI) eye-tracker. Oculomotor data from the DPI (blue line: horizontal position; red line: vertical
position; left ordinate) are synchronized with the eyelid trajectory (purple line; right ordinate), estimated
from videos of the eye acquired at a 1-kHz frame rate. Values of 0 and 1 indicate full eyelid closure
and normal opening, respectively. The blink duration reported in our study refers to the period of
occlusion of the first Purkinje image (P1) of the eye-tracker beam (dark gray rectangle). Given the
position of P1 in our setup, this interval approximately matches the period in which the pupil is fully
covered by the eyelid. On average, over 39 videos of spontaneous, instructed, and reflexive blinks
from two subjects, P1 occlusion preceded full pupil closure by 4 ± 3 ms and followed reopening by
8 ± 9 ms. Note that eye movements are no longer available from the moment in which the fourth
Purkinje image (P4) is covered by the eyelid (light gray rectangles). (B-D) Modeling blink kinematics.
(B) An example of measured (black line; left ordinate) and modeled (red line) eyelid trajectory. In all
recorded videos, eyelid opening and closing phases were well captured by half-sigmoid functions. The
blue line represents the estimated area of the pupil unobstructed by the eyelid (right ordinate). (C)
The time constants of the opening and closing phases of a blink, τo and τc, are strongly correlated
(r = −0.81, p = 1.3E − 9; black line). Dashed lines mark the 95% confidence interval. Thus, the full
eyelid trajectory can be modeled with just two parameters: τc (or τo) and the length of the period of
full eyelid closure. (D) This model captures the variability in eyelid trajectories measured for various
types of blinks (black traces; here aligned by normalizing the period of eyelid closure). Red lines are
the trajectories given by the model for three values of τc.
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Fig. S2. Eye movements associated with blinks and their consequences on luminance transients. (A)
Distributions of blink-induced gaze displacements in the experiment of Fig. 2. Data represent the
offsets in horizontal (top) and vertical eye position (bottom) between the times at which the eyelid starts
moving and its return to normal opening. Based on the video recordings of eyelid trajectories, these
instants were respectively estimated as occurring 90 ms before P1 disappearance and 200 ms after its
reappearance. Thin lines are the distributions from individual subjects. The bold line represents the
average across subjects. The mean horizontal and vertical displacements across participants were
19.3′ ± 9.6′ and 16.4′ ± 7.3′, respectively. (B) Contributions of eye movements to the strength of the
luminance modulations caused by blinks. The data reported in the article include consideration of gaze
displacements. Assuming the eye to remain stationary throughout a blink (No EM) attenuates the gain
in power delivered by the modulation within the range of human temporal sensitivity by approximately
21% (*** p = 2.5E − 5, paired t-test). Error bars represent ±SEM.
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