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these discrepant results, two important considerations are worth
emphasizing. First, selectively testing foveal dynamics is techni-
cally challenging, since the entire foveola is comparable in size
to the region of uncertainty in gaze localization resulting from
standard eye-tracking methods. Second, the common intuition
gained by conceptualizing the visual signals delivered by saccades
as uniform i.e., constant-velocity translations of the image on
the retina (28) does not apply well to microsaccades, whose rel-
atively brief durations and well-de ned dynamics yield substan-
tially lower power on the retina than predicted by a uniform trans-
lation (29). Thus, even a moderate suppression may be suf cient
to prevent visibility of stationary scenes during small saccades.

Recent advances in methods for gaze-contingent display con-
trol now enable determination of the line of sight with accuracy
suf cient to selectively test a desired foveal region during normal
eye movements. Leveraging on these recent advances, here we
mapped the perisaccadic dynamics of contrast sensitivity across
the foveola during natural visual exploration. We developed a
gaze-contingent high-acuity task that resembles primate social
grooming, a task that very naturally integrates visual search and
detection of brief stimuli and that spontaneously elicits frequent
microsaccades, and presented probes at desired retinal locations
with high spatial and temporal resolution. Our results show that
microsaccades are accompanied by an elevation of visual thresh-
olds at the center of gaze that starts before the initiation of the
movement but dissipates very rapidly as the saccade ends. The
extent and dynamics of this suppression vary with eccentricity
across the foveola, so that a stronger modulation occurs in the
most central region, where vision is selectively enhanced after a
saccade.

Results

In a simulated grooming task, observers reported the occurrence
of eajumps (the probes), brief changes in the luminance of
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otherwise dark dots located within the central 2° region of a wide
naturalistic noise eld. Subjects freely moved their eyes, search-
ing for the locations at which these contrast pulses would occur,
while their eye movements were continually recorded.

In reality, unbeknownst to the subject, the probes were acti-
vated on the basis of the position and movement of the eye
to measure visibility within selected regions of the fovea and
at various time lags around saccades. This was possible due to
three state-of-the-art components: 1) high-resolution eye track-
ing achieved via the Dual Purkinje image method (30); 2)
accurate gaze localization obtained by means of an iterative gaze-
contingent calibration, a procedure that improves accuracy by
approximately one order of magnitude over standard methods
(6); and 3) real-time control of retinal stimulation, obtained via
a custom system for exible gaze-contingent display control, Eye
movement Real-time Integrated System (EyeRIS) (31).

As expected, this high-acuity task resulted in the frequent
occurrence of minute saccades. On average, observers executed
~2.5 saccades per second, almost all of them smaller than 1°
(average saccade amplitude and SD across subjects, 28 +6';
mean 99th percentile of the amplitude distributions, 68'; Fig.
1E). In fact, the majority of saccades (68%) were smaller than
30, an amplitude range that maintains an initially foveated
probe well within the foveola. These tiny gaze shifts occurred
at a rate (1.6 microsaccades per second) much higher than
those normally encountered in tasks that do not involve high
visual acuity (typically <0:2 microsaccades per second) (29),
an observation consistent with the notion that microsaccades
are normally part of the strategy for examining ne spatial
detail (6, 7).

Because of their small amplitudes and stereotypical dynamics
(32), the saccades performed in this task resulted in relatively
slow changes in visual stimulation. This, combined with the
characteristics of the visual scene, which, like natural images,
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distinguish themselves from the remaining dust particles by occasionally jumping (a 10-ms contrast pulse; the probe). The subject's goal was to “catch” each

ea as soon as it jumped by pressing a button on a joypad. (
triggered, with variable delay, a probe (

B-D) Example of a trial. ( B) Following an initial familiarization period (1 s), the onset of a saccade
T,) at one of the test locations. Both location and timing were selected in real time according to the observer's eye

movements to test performance at various positions in the fovea and lags relative to saccades. The yellow cross and cyan segments represents the center

of gaze and eye movements, respectively. ( C) Gaze position during the course of the trial. Each probe was associated with the closest saccade (
+200-ms window were selected for data analysis. ( D and E) Characteristics of eye movements. Shown

Only probes with no more than one saccade within a

Sk in ©).

are average distributions of saccade amplitude (D) and intersaccadic intervals ( E) across N = 6 observers. Error bars represent SEM. Vertical dashed lines
mark the means of the distributions. ( F) Power spectrum of the luminance ow delivered to the retina by the recorded saccades. The black line marks
contrast sensitivity thresholds in humans [data from Kelly (33)]. The small saccades recorded in this experiment yield visual signals well within the ranges of

spatiotemporal sensitivity.
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possessed predominant power at low spatial frequencies,
resulted in luminance signals to the retina that were well within
the range of human temporal sensitivity as measured previously
(Fig. 1F) (33). Yet, as happens for larger saccades, subjects were
not aware of the resulting translations of the images on their
retinas the well-known phenomenon of saccadic omission (3).

To quantitatively examine the consequences of saccades on
foveal sensitivity, we binned contrast pulses according to their
combinations of retinal locations and lags relative to saccade
occurrence and separately estimated contrast sensitivity in each
spatiotemporal interval (Fig. 24). Fig. 2B shows the psychome-
tric functions of contrast sensitivity measured for one subject
in three spatiotemporal bins. As these examples show, sensitiv-
ity varied considerably not only with the timing of the probe
relative to saccades, but also with its position on the retina, reach-
ing, in some instances, low values even at the highest possible
contrast.

We rst examined sensitivity far from saccades. The data
points in the shaded region in Fig. 2C represent the average
thresholds across observers estimated during xation, i.e., when
no saccade occurred in the surrounding +£200 ms of a probe.
Strikingly, despite being separated by just a few arcminutes, the
three considered foveal regions exhibited marked differences in
sensitivity. Contrast sensitivity was always larger at the very cen-

A

ter of gaze and decreased with increasing eccentricity, so that
sensitivity in the most central region (the region within 15") was
on average 8% higher than in the range 15 to 30', which was in
turn ~9% higher than sensitivity in the range 30 to 60’ (one-way
ANOVA, F(2,17)=4:8; P =0:02). These measurements reveal
how contrast sensitivity varies across the central foveola. They
show that, contrary to its anatomical homogeneity, sensitivity is
not uniform within this region: Optimal sensitivity is restricted
to a very narrow region around the center of gaze during normal
xation.

As the probe approaches the onset of a saccade, drastic
changes in visual sensitivity occur. Sensitivity drops sharply from
the xation baseline starting ~50 ms before the saccade and con-
tinues to be affected up to ~100 ms after the saccade onset, a
time at which the saccade has typically already ended (Fig. 2C).
At all the considered foveal locations, suppression was strongest
in the 25-ms interval immediately preceding the saccade, when
sensitivity dropped by ~38% on average. The dynamics of this
effect were highly stereotypical across subjects, all of whom
individually exhibited a similar and statistically signi cant atten-
uation in sensitivity (P < 0:05, nonparametric bootstrap; indi-
vidual subject data in SI Appendix, Fig. S1). Thus, the minute
saccades performed in our experiment were accompanied by a
strong attenuation in sensitivity throughout the foveola, an effect
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Fig. 2. Changes in foveal sensitivity at the time of saccades. ( A) Contrast sensitivity was measured in 24 spatiotemporal bins around saccades: three distinct

regions within the fovea (eccentricity 0 to 15

’, 15 to 30’, and 30 to 60 ’; Top);

and eight time intervals around a saccade ( Bottom). (B) Contrast sensitivity

functions in three spatiotemporal intervals for one observer. Colored lines and shaded regions represent, respectively, the maximum-likelihood tting and

its SEM of a cumulative log-normal function to the data (gray circles; size proportional to the number of samples). The thick horizontal segment represents

the SEM of the estimated 25% threshold. (  C) Dynamics of contrast sensitivity relative to saccade onset. Each line represents mean sensitivity across observers
(N=#6) in a foveal region. Error bars are SEMs. For comparison, sensitivity measured at xation, when the probe appeared at saccade lags larger than

+200 ms, is also shown (shaded region). Horizontal bars indicate the intervals in which sensitivity deviated signi cantly from xation (

P < 0:05, post hoc

Tukey—Kramer comparisons). ? marks signi cant differences across foveal regions (P < 0:05, one-way ANOVA). ( D) The same data after normalizing each

foveal region by its sensitivity at xation to highlight differences in dynamics. (
strongest in the central region (P < 0:05, post hoc Tukey—Kramer comparisons).
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E) Mean perisaccadic suppression strength across the foveola. Suppression is
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qualitatively similar to the saccadic suppression observed else-
where in the retina for larger saccades.

While suppression occurred over the entire foveola, the extent
and time course of the process differed across foveal regions. All
regions ended up with similar visibility levels at the peak of the
suppression. However, since sensitivity in distinct regions started
from different xation baselines, the amplitude and speed of the
process also varied, so that the change in sensitivity was larger
and faster in the most central region of the foveola than at other
locations. On average in the 100-ms interval centered at saccade
onset, sensitivity was attenuated by 33% in the central region
with eccentricity smaller than 15, whereas it was reduced by
only 23% in the 30to 60’ region (P <0:00% post hoc Tukey
Kramer comparison; Fig. 2E). Thus, given the similar overall
duration of the effect across the foveola, both suppression and
recovery were faster at the very center of gaze than at larger
eccentricities (Fig. 2D).

These results were robust relative to the speci ¢ methods for
data analysis. Very similar results were obtained by measur-
ing sensitivity to changes in the Weber contrast of the probe
relative to its surroundings rather than the Michelson con-
trast of the probe alone (SI Appendix, Fig. S2). Furthermore,
differences in foveal dynamics were also re ected in the reac-
tion times of manual responses, which were longer when the
probes were less visible (r = —0:50, P < 0:01; SI Appendix, Fig.
S3A4). At the time of microsaccade onset, the reaction times
for probes displayed at the very center of gaze were on aver-
age 23% longer than for probes just a few arcminutes away
(one-way ANOVA, F(2,16)=8:59, P =0:004 SI Appendix,
Fig. S3B).

To better examine the temporal evolution of saccadic sup-
pression, we recomputed the time course of sensitivity relative
to two distinct temporal events, the end of a saccade and the
time at which a saccade reaches its peak speed. Visibility recov-
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Fig. 3. Dynamics of foveal sensitivity. ( A and B, Top) Average contrast thresholds are now aligned relative to either (

ers extremely rapidly following a saccade. On average across
foveal regions, sensitivity has returned to about 90% of its pre-
saccadic value less than 25 ms after the saccade ends and is
fully restored within an additional 25 ms (Fig. 34). This hap-
pens because suppression largely precedes the actual movement
of the eye. Suppression is already recovering by the time a sac-
cade is in mid ight and has reached its peak velocity (Fig. 3 B), an
asymmetric temporal evolution that is evident when comparing
sensitivity with equal speed of the retina before and after saccade
peak speed (SI Appendix, Fig. S4).

Normalizing each foveal region by its initial sensitivity fur-
ther emphasizes the different dynamics occurring at distinct
eccentricities. Changes in sensitivity proceed faster in the cen-
tral region (<15'), yielding a greater change around 100 to 50
ms before saccade offset than at larger eccentricities (P =0:021,
post hoc Tukey Kramer comparison; Fig. 3 C). As a conse-
quence, sensitivity is already at its lowest level ~25 ms earlier in
this central region relative to the more peripheral foveola (Fig.
3D). These dynamics are little in uenced by saccade amplitude.
The temporal courses of visibility were almost identical for sac-
cades smaller or larger than 30, despite the former retaining
more power within the range of human temporal sensitivity (S/
Appendix, Fig. S5).

Interestingly, sensitivity rebounds following a saccade, but only
in the central portion of the foveola. This effect is clear in the
data of Fig. 34, which show that postsaccadic sensitivity contin-
ues to increase at the very center of gaze (<15") ~100 ms after a
saccade, a time at which sensitivity has already saturated in more
eccentric regions (P <0:04; post hoc Tukey Kramer compari-
son). To examine in detail this postsaccadic enhancement, we
directly compared levels of performance during presaccadic x-
ation, before suppression started, and in the xation period that
immediately followed a saccade (Fig. 44). In the central fove-
ola at eccentricity smaller than 20/, saccades were followed by
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P < 0:05, post hoc Tukey—Kramer comparisons). ( A and B, Bottom) The mean instantaneous eye speed. ( C and D) The same
data normalized relative to the rst sample to emphasize differences in dynamics across foveal regions.

? marks signi cant differences across foveal regions
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Fig. 4. Perisaccadic enhancements in foveal vision. ( A) Sensitivity is selectively enhanced in the central foveola after a saccade. Black symbols represent
average sensitivity measured at least 150 ms before and 50 to 300 ms after a saccade in both the central and peripheral regions of the foveola. Colored

symbols are the individual subject data. Error bars represent SEM (
foveola before a saccade that lands on the probe (“Foveated”; landing distance
B and C show data for the two considered peripheral foveal regions (

higher sensitivity, resulting in an average improvement across
observers of 12% (P =0.027; paired two-tailed t test). Such
improvement did not occur in the more peripheral region of the
foveola (>20'), where sensitivity decreased slightly following a
saccade (P = 0.308; paired two-tailed t test), so that these two
regions were differently affected by saccades (P =0:001, paired
two-tailed t test).

This postsaccadic enhancement is likely the consequence of
attention. A similar improvement in sensitivity was also observed
before a saccade that landed close to the activated probe, but
only outside the central region of the foveola (Fig. 4 B and C).
On average, sensitivity improved by 12% when the planned sac-
cade was toward the probe, suggesting that attention had already
moved to this location before shifting gaze. These results further
emphasize the different modulations experienced by the distinct
portions of the foveola in correspondence of saccades.

The data in Figs. 24 show that saccades profoundly mod-
ulate foveal vision. To probe into the mechanisms responsible
for these effects, we decoupled the visual consequences of sac-
cades from their motor production by passively exposing subjects
to the same visual input signals normally resulting from eye
movements. In this condition, rather than actively exploring the
stimulus, subjects maintained xation for the entire duration of
the trial and reported the activation of the probes in movies
that reconstructed the spatiotemporal visual signals previously
experienced during normal (i.e., active) execution of the task.

Passive exposure to saccade motion greatly altered the dynam-
ics of foveal sensitivity (Fig. 5). Performance was impaired in
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< 15’) relative to a saccade that terminates farther away (“Non-foveated”).

*P < 0:05, one-sided nonparametric bootstrap test).

correspondence of the simulated saccades, an effect that may
super cially resemble the suppression occurring during real sac-
cades. However, important quantitative differences emerged.
With simulated saccades, the reduction in sensitivity was delayed
relative to that with real saccades, with peak occurring well after
the start of the motion rather than before saccade onset. This
reduction was also considerably weaker and persisted for much
longer than that observed with real saccades, with sensitivity still
impaired 200 ms following motion onset (P <0:02, two-tailed
nonparametric bootstrap test). These results point to a combi-
nation of retinal and extraretinal mechanisms acting on foveal
vision, with an important role played by extraretinal modulations
in rst suppressing and then enhancing sensitivity respectively
before and immediately after a saccade.

Discussion

Despite its functional importance, vision within the foveola has
been critically understudied. Here, we examined the dynamics
of foveal vision relative to the minute saccades that naturally
emerge during ne spatial exploration. By implementing a nat-
uralistic, yet highly controlled, high-acuity task, we were able to
map contrast sensitivity at distinct foveal locations and follow
their temporal evolution as eye movements occurred. Our results
show that the foveola is accompanied by a general reduction in
visual sensitivity in proximity of microsaccades. However, the
extent and dynamics of this modulation are not uniform across
this region: The attenuation is stronger and faster around the
very center of gaze, where sensitivity rapidly rebounds at the end
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Fig. 5. Decoupling the retinal and motor consequences of saccades. Shown are dynamics of contrast sensitivity in correspondence of a saccade (active)
and during passive exposure to saccade motion while maintaining xation (passive). In the latter condition, subjects detected the activation of the probes

in movies reconstructing the visual input signals experienced during normal execution of the task. Movies were presented under retinal stabilization to
accurately replicate input signals. Data in both conditions are normalized by the sensitivity values measured with probes at least 200 ms away from real or

simulated saccades. ? marks signi cant differences between the two conditions (
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P < 0:05, two-tailed nonparametric bootstrap test).
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