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Abstract

We normally perceive a stable visual environment despite eye movements. To achieve such stability, visual processing integra-
tes information across a given saccade, and laboratory hallmarks of such integration are robustly observed by presenting brief
perisaccadic visual probes. In one classic phenomenon, probe locations are grossly mislocalized. This mislocalization is believed
to depend, at least in part, on corollary discharge associated with saccade-related neuronal movement commands. However, we
recently found that superior colliculus motor bursts, a known source of corollary discharge, can be different for different image
appearances of the saccade target. Therefore, here we investigated whether perisaccadic mislocalization also depends on sac-
cade target appearance. We asked human participants to generate saccades to either low (0.5 cycles/�) or high (5 cycles/�) spa-
tial frequency gratings. We always placed a high-contrast target spot at grating center, to ensure matched saccades across
image types. We presented a single, brief perisaccadic probe, which was high in contrast to avoid saccadic suppression, and
the subjects pointed (via mouse cursor) at the seen probe location. We observed stronger perisaccadic mislocalization for low-
spatial frequency saccade targets and for upper visual field probe locations. This was despite matched saccade metrics and ki-
nematics across conditions, and it was also despite matched probe visibility for the different saccade target images (low vs. high
spatial frequency). Assuming that perisaccadic visual mislocalization depends on corollary discharge, our results suggest that
such discharge might relay more than just spatial saccade vectors to the visual system; saccade target visual features can also
be transmitted.

NEW & NOTEWORTHY Brief visual probes are grossly mislocalized when presented in the temporal vicinity of saccades.
Although the mechanisms of such mislocalization are still under investigation, one component of them could derive from corol-
lary discharge signals associated with saccade movement commands. Here, we were motivated by the observation that superior
colliculus movement bursts, one source of corollary discharge, vary with saccade target image appearance. If so, then perisacca-
dic mislocalization should also do so, which we confirmed.

corollary discharge; perisaccadic mislocalization; saccadic compression; spatial frequency; superior colliculus

INTRODUCTION

Vision is a highly active process, continuously utilizing
eye movements to both sample and modulate incoming
retinal image streams. Because eye movements, such as
saccades, necessarily shift retinal images even with a com-
pletely stable environment, perceptual processes bridging

inter- and intrasaccadic image sequences are supposed to
take place (1–4). One classic approach to the study of peri-
saccadic vision has been to present very brief visual probes
before, during, and after saccades (5–11). Such presentation
has led to two classic observations. First, there is a strong
reduction in visual sensitivity to brief perisaccadic probes (7–
9, 12–14), called perceptual saccadic suppression. Second,
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with high-contrast probes, these probes are successfully
detected but grossly mislocalized relative to their true dis-
played positions (5, 6, 10, 11, 15–18), in a phenomenon called
perisaccadicmislocalization.

Perisaccadic mislocalization has different properties
depending on the visual and motor conditions under which
it is observed. For example, the presence of visual reference
frames makes the mislocalization appear like a convergence
toward the saccade target (15). That is, brief probes presented
ahead of the saccade target aremislocalized backward in posi-
tion, and probes presented nearer to the initial fixation posi-
tion than the saccade target are reported as being forward in
position (11). On the other hand, mislocalization is uniform in
direction in complete darkness (5, 6, 15), meaning that both
probes ahead of and nearer to the initial fixation point than
the saccade target are mislocalized in a forward direction par-
allel to the saccade vector. In addition, with the convergent
mislocalization (which we focus on here), the two-dimen-
sional landscape of perisaccadic mislocalization strongly
depends on saccade direction, with upward saccades causing
particularly large backward errors for probes presented ahead
of the saccade target (17).

Because the properties of perisaccadic mislocalization
depend on the visual conditions, one neuronal mechanism
underlying this phenomenon could be sensory in nature
(19). For example, in some models, classic perisaccadic con-
vergent mislocalization (11) can be easily explained using
saccade-induced retinotopic shifts of probe representations
from the periphery to the perifovea; when these shifts occur
on anatomically distorted topographic visual maps having
foveal magnification, then a so-called “compression” is a
simple consequence of readout from such anatomically dis-
torted maps (20). Indeed, a simple modification of such
models to include both foveal as well as upper visual field
magnification can also conceptually account for the greater
mislocalization strength observed for upward saccades (17).
Specifically, in a sensory-motor area such as the superior col-
liculus (SC), there exist both foveal (21) as well as upper vis-
ual field (22) magnification. Thus, if mislocalization depends
on how retinotopic representations of probes are translated
from the periphery to the fovea on anatomically distorted
maps, then larger perisaccadic mislocalization for upward
saccades would be expected if such maps additionally differ-
entially represent the upper visual field (17).

Having said that, it is also generally assumed that perisac-
cadic mislocalization does have a motor component associ-
ated with it. Besides the different representations for upward
saccades in the SC (22, 23), and the resultant implications for
mislocalization strength (17), the SC is a known source of sac-
cade-related corollary discharge signals (24–31). Such corol-
lary discharge signals are sufficient to cause perisaccadic
retinotopic remapping of visual response fields in the cor-
tex (32). Thus, if such cortical remapping is indeed one
neuronal basis for perceptual mislocalization (33, 34), de-
spite some controversy (35–38), then studying the roles of
SC saccade-related discharge in perceptual mislocalization
is very worthwhile.

One interesting recently reported property of SC motor
discharge is related to the saccade target’s visual appearance.
Specifically, we recently observed that SC motor bursts can
be different for different saccade target images, even under

matched saccade metrics and kinematics (39). Since SC
motor bursts are relayed to the cortex virtually unchanged
(25), this implies that perisaccadic corollary discharge from
the SC (24, 26, 32) may potentially relay not only the move-
ment vector information to the cortex but also integrated in-
formation about the visual appearance of the saccade target.
If so, then perceptual phenomena that are believed to
depend, at least partially, on perisaccadic corollary dis-
charge, such as perisaccadic mislocalization, may be addi-
tionally modulated by the visual appearance of the saccade
target. This is what we investigated here.

METHODS

Experimental Subjects and Ethical Approvals

We ran a visual mislocalization paradigm on eight human
subjects (4 female), aged 23–29 yr. We also ran a control
experiment testing the detectability of perisaccadic visual
probes on eight human subjects (5 female), aged 23–27 yr.
Four subjects were shared between the two paradigms,
performing both variants of the experiments in different
sessions.

The experiments were approved by ethical committees at
the Medical Faculty of the University of T€ubingen, and the
subjects provided written informed consent. They were also
financially compensated for their time, and the experiments
were in line with the Declaration of Helsinki.

Laboratory Setup

The laboratory setup was the same as that used in our
recent studies (14, 40), and we largely used similar proce-
dures. Briefly, the subjects sat in a dark room 57 cm from a
calibrated and linearized CRT display with 41 pixels/� reso-
lution. We tracked their eye movements at 1 kHz with a
desk-mounted video-based eye tracker (EyeLink 1000; SR
Research), and we stabilized their head position with a
custom-built apparatus described previously (41). Stimuli
were presented on a gray background of 20.01 cd/m2 lumi-
nance, and fixation spots (7 � 7 min arc) were white (with
49.25 cd/m2 luminance). The experiments were controlled
with the Psychophysics Toolbox (42–44) with EyeLink
Toolbox extensions (45).

Experimental Procedures

Perisaccadic mislocalization experiment.
In the perisaccadic mislocalization experiment, the subjects
fixated a white spot placed �8.5� either to the right or left of
display center. After 500 ms, a low [0.5 cycles/� (cpd)] or
high (5 cpd) spatial frequency Gabor grating was presented
at screen center. The grating had a Gaussian smoothing win-
dow with r ¼ 0.49� (and thus spanned a diameter of �2.4�),
and it had high contrast (100%); its phase was also random-
ized. The subjects were still required to maintain fixation for
another 1,000–1,500 ms (because we wanted to avoid any
sensory transients associated with grating onset). When the
fixation spot was removed, the subjects made a saccade to-
ward the center of the grating, which had a central marker in
its middle as in our neurophysiology experiments (39) (to
minimize intertrial saccade variance and to also control for
postsaccadic fixation position). This instructed, visually
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guided saccade was the one of primary experimental interest
for us in this study, because it was only this saccade that we
paired with a strategically timed visual probe for localiza-
tion. Specifically, once we detected a saccade onset after fixa-
tion spot removal, we presented a brief (1 frame; 85 Hz refresh
rate in the display) flash of a white square (that is, of high con-
trast) of size 45 � 45 min arc (Fig. 1A). The times of the flash
were either immediately upon online saccade detection or
at þ40 or þ 80ms from such detection. In post hoc analyses,
we recomputed the flash times to always report them relative
to actual saccade onset (seeData Analysis and RESULTS).

Our online saccade detection algorithm was the same as
the one that we used previously (14, 40, 46, 47). Briefly, we
obtained a real-time estimate of radial eye speed by having a
running history of recent eye position samples and how
these samples differed (locally in time) from each other.
Specifically, at every time sample, we obtained a best-fitting
line to the latest five measurements of eye position data that
were collected. We then took the slope of the fitted line as an
indication of the rate of change in eye position. To reduce
noise, we took the median of the three latest slope measure-
ments as our final estimate. That is, at the current time tms,
we took the slope of the line best fitting the eye positions col-
lected between times t � 4 ms and t ms. We then combined
it with the slope calculated from the previous time sample
(measuring eye positions from t � 5 ms to t � 1 ms) and the
sample before that (measuring eye positions from t� 6ms to
t � 2 ms). The median of these three latest slope calculations
was considered our rate of change of eye position, and we
applied a user-adjustable threshold to decide whether this
rate of change was large enough to qualify as a saccade
onset. The key was to pick a threshold above the current

noise levels of the eye tracker, and our use of the median
helped stabilize our estimates against noise (with the small
expense of needing to buffer up to time sample t � 6 ms for
the calculations).

The behavioral task of the subjects was to indicate (with a
computer mouse cursor) the perceived location of the
recently presented flash. Specifically, after the subjects fix-
ated the central grating for 500 ms (that is, after the end of
the primary saccade), we removed all stimuli from the dis-
play and displayed a mouse cursor at display center. The
subjects clicked on the seen flash location, and they were
free to move their eyes until they responded (they typically
made secondary saccades toward where they reported the
flash position with the mouse cursor; see RESULTS). The
mouse cursor itself was the standard cursor of the Mac OS
operating system through which we controlled the experi-
mental display: it was a black, oblique arrow spanning a total
of �14.4 min arc horizontally and 19.2 min arc vertically. It
was thus significantly smaller than the perisaccadic flash,
especially since the registered click location of the cursor
was actually the single-pixel tip of the entire mouse cursor’s
arrow shape.

The mouse was moved by the subjects on a flat table-top
surface orthogonal to the orientation of the vertical visual
display in front of the subjects. However, our subjects were
all highly experienced in using computers, so there was no
learning involved in moving the mouse cursor to its
intended position on the display before clicking to register
their report. In addition, the mouse cursor was always visible
on the display during the entire reporting period, allowing
the subjects to accurately click the mouse cursor where they
actually intended to do so.
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Figure 1. Probing perisaccadic perceptual mislocalization with different saccade target image appearances. A: subjects generated a rightward (shown)
or leftward saccade toward the center of a low- or high-spatial frequency grating. The center of the grating always had a small spot, to improve saccade
accuracy/precision and vector matching across different trials and different saccade target appearances (METHODS). At different times relative to online
saccade detection, we presented a very brief probe flash at 1 of 4 positions. Later, all stimuli were removed, and subjects had to point to the perceived
flash position with a mouse cursor. Stimuli are drawn to scale (see scale bars). B: distribution of probe flash times relative to saccade onset in 1 example
subject. We classified flash times according to the 3 seen peaks, and we labeled the categories t1, t2, and t3, respectively. We expected perceptual mis-
localization to progressively get smaller and smaller from t1 to t3 (11). N ¼ 460 trials. The gray region indicates the range of saccade end times observed
in this subject, and the red line shows the mean value. C, top: horizontal and vertical eye position traces for rightward saccades from an example subject.
Starting eye positions from all trials were aligned for better visualization of the saccade vectors, and the different colors show saccades toward either
the low- or high-spatial frequency grating. Bottom: radial eye speed traces from the same trials. Note how saccade metrics (top) and kinematics (bottom)
were matched across image types. Also note how the flash times in B spanned intrasaccadic flashes (t1) as well as flashes immediately after (t2) or later
well beyond saccade end (t3). N ¼ 113 and 117 for low- and high-spatial frequency saccade targets, respectively. cpd, cycles/�. D: same as C but for left-
ward saccades from the same subject.N¼ 117 and 113 for low- and high-spatial frequency saccade targets, respectively.
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We also did not impose a requirement of speeded
responses on the subjects, and this was a deliberate choice to
allow them to be as accurate as possible in their reporting of
perisaccadic flash location. Thus, we employed a very
relaxed maximum duration value of 10 s for every single
trial; if there was no subject response when the overall trial
length (stimuli plus reaction time) reached 10 s, the com-
puter registered that there was no behavioral response, and
the trial was discarded. In reality, the manual reaction times
of the subjects were much shorter than 10 s. Across subjects,
the mean reaction time (measured 500 ms after the primary
saccade, since the removal of the saccade target was the cue
to respond in our task) was 996 ± 43 ms (SE), and the me-
dian reaction time was 972 ± 41 ms (SE). Moreover, across
subjects, the minimum reaction time on any given trial
was 466 ± 54 ms (SE), and the maximum reaction time was
2,173 ± 321 ms (SE).

We also note here that our prior work on visual localiza-
tion (in the absence of perisaccadic visual probe flashes)
revealed very minimal reporting errors with memory-based
mouse cursor clicks, and this was the case even with several
seconds of experimental working memory delay and subse-
quent reaction times by the subjects (17, 48, 49). Thus, our
mislocalization errors reported in RESULTS cannot be explained
bymemory distortions.

We picked four possible perisaccadic flash locations on
the display, each at a radius of �7.3� from the saccade target
center location. One flash was directly opposite the saccade
target direction (i.e., on the horizontal axis), and the other
three flashes were along the saccade direction and ahead of
the saccade target location: one on the horizontal axis
directly ahead of the saccade target (along the same vector)
and the other two at the ±45� diagonals. Even though the
flash opposite the saccade vector was expected to have the
least mislocalization (17) (which we confirmed), we included
it so that subjects could not expect to always see flashes
ahead of the saccade target. Nonetheless, in the analyses
(see below), we only analyzed the three flash locations ahead
of the saccade target. This is because the mislocalization for
the backward flash position was small in amplitude; past
work that looked at mislocalization of the flash opposite the
saccade vector typically used significantly larger saccades
than we used, which made the smaller mislocalization of
such a flash easier to detect than in our experiments (11, 16).
In addition, and again because of our smaller saccade sizes
than in previous studies, this backward probe location was
actually close to the initial fixation spot (only �1� away from
it when the eye was still fixated before saccade onset), which
made us worry that there could be interactions with the ini-
tial fixation spot location in the subjects’ reported locations.
Thus, it was more appropriate to analyze only the three for-
ward probe flash locations.

Consistent with the above sentiment, we generally wanted
to avoid having spatial reference frames (e.g., the edges of
the display monitor) strongly influence performance in the
visual mislocalization task. Therefore, across trials, we ran-
domly shifted all stimulus positions in a given trial by a ran-
dom (but constant) number from the range of ±1.2� in either
horizontal or vertical direction (at pixel resolution; 1/41�).
That is, on every trial, the overall displayed stimulus geome-
try was randomly shifted on the display monitor from

previous trials, so that the monitor edges could not act
(across trials) as reliable reference frames for probe flash
localization. For example, if the initial fixation position was
shifted by 1� to the right of its standard position on a given
trial, then the grating position at the center of the display
was also shifted by 1� to the right, and so was the perisacca-
dic probe flash (in other words, the stimulus relationships
were all unchanged, but the overall absolute position was
shifted by 1� to the right). This approach minimized the pos-
sibility of subjects remembering the absolute positions of
flashes relative to the display monitor edges across trials. We
are thus confident that the results that we report here were
less affected by global biases of expected, world-centered,
probe flash locations.

Finally, note that the low and high spatial frequencies
chosen as the saccade targets were differentially represented
by the SC motor bursts in our recent neurophysiological
results (39). That is why we chose these particular spatial
frequencies.

We collected 324 trials per spatial frequency in each
subject.

Perisaccadic detection experiment.
In a second control experiment, we tested the visibility of
the perisaccadic probes used in the above experiment.
Subjectively, the subjects did report to us that they con-
sciously perceived the perisaccadic probes in the above
experiment, despite the large magnitudes of mislocalization
errors seen in RESULTS. Nonetheless, we still wanted to objec-
tively confirm that the contrast used for the probe flashes
was indeed high enough to avoid effects of saccadic suppres-
sion. We also wanted to confirm that, even if suppression
was avoided by the high probe contrasts, perceptual visibil-
ity for such high-contrast probe flashes was still independent
of the saccade target appearance. To do so, we collected full
psychometric curves of probe detection (14). Thus, the
experiment was the same as that described above, except
that the probe flash now had variable contrast from trial to
trial. Additionally, the probe flash time was either immedi-
ate upon online saccade detection, or at þ 11 or þ 35 ms. As
we show in RESULTS, this timing allowed us to investigate
probe visibility in the twomislocalization intervals in which
we observed significant perisaccadic perceptual mislocaliza-
tion in the main experiment above. Finally, in this task vari-
ant, the probe flash could appear at one of four cardinal
locations relative to the saccade target center (and at an ec-
centricity halfway from the initial fixation position). The
subjects’ task was to report which of the four locations had a
brief flash at it, and they did so via a response button box
(indicating that the flash was to the right of, left of, above, or
below the saccade target location). Note that the eccentricity
of the probe flashes used here was roughly similar to the
perceived eccentricities that we report in RESULTS for the
mislocalization experiment, making the comparisons of
the results in the two task variants meaningful.

Across trials, we varied the flash luminance to obtain full
psychometric functions of flash detection sensitivity. The
procedure was similar to that we described recently (14).
Briefly, we performed a staircase procedure in the first ses-
sion to obtain an initial estimate of perceptual threshold in a
subject; in subsequent sessions, we also added additional
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samples of flash contrast to sample more locations on the x-
axis of the psychometric curves. As in the mislocalization
experiment above, we also randomized the starting position
of the whole stimulus display items across trials. That is, a
constant random shift was applied to all stimulus positions
in any given trial.

We collected 450–500 trials per spatial frequency in each
subject.

Data Analysis

We detected saccades and microsaccades with our previ-
ously described methods (47, 50). Before analyzing any be-
havioral reports, we filtered the eye movement data to
ensure matched saccade execution across low- and high-spa-
tial frequency saccade targets. In the perisaccadic mislocali-
zation task, we did so by binning the saccade landing points
into bins of 0.5 � 0.5�. We also binned the saccade main
sequence (51, 52) data points into bins of 0.5� � 40�/s. We
then only accepted trials into the analyses that fulfilled the
following criterion: they came from landing position and
main sequence bins that had at least one trial repetition
within them from each of the two saccade target image
appearances (low and high spatial frequencies). This way,
the saccades across image appearances were matched for
both metrics and kinematics (see RESULTS). The typical num-
bers of trials per condition that remained after such filtering
are like those described in the legend of Fig. 2.

In the perisaccadic detection task, we used a slightly dif-
ferent, but equally effective (see RESULTS), way of vector and
kinematic matching. First, we defined a maximal radius (2�)
for initial eye position at saccade triggering, and made
sure that trials with both high- and low-spatial frequency
saccade targets had the same initial starting position
ranges. Similarly, we defined a maximal radius for final
eye position at the end of the saccade, to make sure we
had matched saccade vector ranges. Then, for each saccade
direction (rightward or leftward), we ensured that the ampli-
tudes and peak velocities of the saccades were matched
regardless of whether the saccade target had a high or low
spatial frequency (see RESULTS). We also excluded trials with
saccadic reaction times< 80ms or> 500ms.

To analyze perisaccadic mislocalization, we first con-
firmed that we had matched saccade vectors as described
above. We also confirmed that saccade peak velocities (that
is, kinematics) were similar for low- and high-spatial fre-
quency saccade targets (see RESULTS). We then recomputed
all flash times relative to the actual saccade onset times after
we properly detected the eye movements. After that, we col-
lected each subject’s click locations at different flash times.
We classified the flash times into three categories (t1, t2, and
t3) according to the histograms of flash times that we
observed after recomputing the saccade onsets from the
recorded eye movement data (see Fig. 1B). To summarize the
subjects’ click locations, we first remapped all data from left-
ward saccades to reflect their results across the vertical axis.
That is, we flipped the horizontal axis for leftward saccades,
in order to pool all results with the rightward saccades. Thus,
in RESULTS we always show observations on a schematic vec-
tor representation having rightward saccades. After such
remapping, we picked the median click location for each

subject, each flash probe time, each flash probe location, and
each saccade target appearance condition (low- or high-spa-
tial frequency saccade target). Note that we alwaysmeasured
click locations relative to the stimulus locations; thus, the
across-trial random shifts in global stimulus positions that
we applied experimentally were removed in the analyses. To
summarize themislocalization effects, wemeasured for each
trial the Euclidean distance from the actual flash location to
the click location. In such summary analyses, we took
(within a subject) the median Euclidean distances from all
trials with forward flash positions; that is, for each subject
we obtained a single (across trial) Euclidean distance mea-
sure across the three probe flash locations that were ahead of
the saccade target. Larger mislocalization for a given condi-
tion (e.g., 1 saccade image appearance) was associated with a
larger Euclidean distance. We then plotted the mean and SE
of the distance across subjects, and we showed descriptive
statistics and underlying individual subject results. We
report all the statistical tests in RESULTS.

We also looked at the direction of the mislocalization vec-
tor for oblique probe flash positions. That is, mislocaliza-
tion is known to have a two-dimensional landscape (along
saccade direction and orthogonal to it) even if the sac-
cades themselves are cardinal (16, 17). This two-dimen-
sional landscape can be investigated by measuring the
component of mislocalization independently either paral-
lel to the saccade direction vector or orthogonal to it.
Thus, we picked the two oblique flash positions that were
ahead of the saccade target (at the ±45� diagonals) and
that were expected to have the strongest oblique mislocal-
ization (16, 17). Then, we compared how either their paral-
lel or orthogonal mislocalization was different between the
two image appearances of the saccade targets. For the par-
allel component we measured the horizontal component
of their Euclidean distance measure described above, and
for the orthogonal component we measured the vertical
component.

We additionally compared mislocalization for flashes pre-
sented in the upper versus lower visual fields. That is, it is
well established that the SC has an asymmetric representa-
tion of the upper and lower visual fields, which has been
shown to play a potential role in the influence of saccade
direction and visual field location on the strength of both
perceptual mislocalization (17) and perceptual saccadic
suppression (53). We therefore asked whether such an
asymmetry could also differentially affect mislocalization
strengths for upper and lower visual field flashes even
with the same saccade direction. We did this by pooling
data from both image conditions together (0.5 and 5
cycles/�) and analyzing mislocalization strength for either
the oblique flash that was presented in the upper visual
field or the one that was presented in the lower visual field.
Very similar results were obtained when only inspecting
the data individually for either the low- or high-spatial fre-
quency saccade target conditions, so we decided to pool
across spatial frequencies and maximize the numbers of
trials that went into this analysis.

Finally, we correlated the end points of uninstructed sac-
cades during cursor movement to the final reported loca-
tions with the mouse clicks. For each trial, we plotted the
entire scanpath after the primary saccade of interest. This
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typically included a few saccades toward the final reported
flash location (RESULTS). Then, we measured the final eye
position at the time of the mouse cursor click, and we corre-
lated this final eye position with the clicked location, both
within individual subjects and across the population (and
also across the different flash times).

All statistics on the perisaccadic mislocalization data were
performed with MATLAB (version R2020b) and IBM SPSS
Statistics (version 29.0).

In the perisaccadic detection experiment, we obtained
psychometric curves of detection performance as a function
of probe contrast level. To do that, we used the Psignifit 4
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Figure 2. Stronger perisaccadic perceptual mislocalization with low-spatial frequency saccade targets. A–C: all click positions from 1 example subject
(the same as in Fig. 1) after remapping all data to a rightward saccade direction (METHODS). The different panels show results from when the probe flashes
were presented at times t1 (A), t2 (B), and t3 (C), respectively, relative to saccade onset. Mislocalization got progressively weaker with time (compare the
panels). Importantly, the mislocalization within a given time bin was different for the 2 different saccade target image appearances (compare the different
colors in each panel). N¼ 80, 73, 77 trials for the clicks with the low-spatial frequency saccade target in A, B, and C, respectively. N¼ 75, 77, 78 trials for
the clicks with the high-spatial frequency saccade target in A, B, and C, respectively. cpd, cycles/�. D–F: each symbol shows the median click location of
the same subject for a given probe flash location, time, and saccade target image appearance. The range bars around each median click location indi-
cate the interquartile extents of the data. G–I: for all analyses as in D–F, we averaged across 8 subjects. Error bars denote SE across the subjects. Also
see Fig. 3 and Fig. 4 for more detailed quantitative analyses.
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toolbox (54) for each subject individually, using a cumulative
Gaussian function (and 0 lapse rate). We then averaged
across the subjects’ individual psychometric curves to obtain
a population measure; thus, the population psychometric
curve was the average of eight individual psychometric
curves. We did this for each time bin of flash times relative to
saccade onset (with the time bins defined as t1a, t1b, and t2,
respectively; see RESULTS). Statistically, we performed boot-
strapping to check whether perceptual detection depended
on the saccade target image type. To do so, we created ran-
dom permutations (10,000) in which we randomly picked tri-
als for the two conditions (low- or high-spatial frequency
saccade target) within each subject. When doing so, we kept
the same numbers of observations per subject per condition,
to maintain the sampling numbers consistent with our actual
experimental data (especially after eye movement filtering).
We then performed psychometric curve fits from such per-
muted data and measured the threshold at the 62.5% correct
rate. Across the 10,000 permutations, we plotted the distribu-
tions of thresholds between the two sets of permuted condi-
tions. If our actual measured threshold difference between
low- and high-spatial frequency saccade targets was deviated
by>95% of the threshold differences of the random permuta-
tions, then we deemed our measured threshold difference in
the real experiment to be significant.

RESULTS
Our aim was to explore whether the strength of perisac-

cadic mislocalization could be modulated by the visual
appearance of saccade targets, as might be predicted
from observations of visual feature tuning in SC saccade-
related motor bursts (39). To do so, we designed a psycho-
physical experiment in which humans reported the loca-
tion of a brief perisaccadic probe flash that was presented
at different times relative to saccade onset. Specifically, each
trial consisted of an instruction to generate a primary saccade
toward the center of a Gabor grating located near the center of
the display screen (Fig. 1A). The initial fixation position was
8.5� to either the right or left of the grating center, thus requir-
ing horizontal saccades. In addition, the Gabor grating could
have one of two different spatial frequencies (METHODS). At
different times relative to the online detection of a saccade
(METHODS), we presented a brief, single-frame probe flash at
one of four locations relative to the saccade target location.
Three of these possible flashes were ahead of the saccade tar-
get, and one was behind it (Fig. 1A; METHODS). Note that, save
for the saccade target image appearance manipulation, this
task design was very similar to classic instantiations of the
perisaccadic mislocalization paradigm (10, 11, 15, 16, 18), and
also similar to our previous versions of it (17).

Figure 1B shows the distribution of probe flash times that
we sampled for one example subject. During actual data col-
lection, the computer triggered the probe flash at one of three
possible delays after online saccade detection. However, the
real delay was necessarily different, since online saccade
detection required some data buffering for eye speed estima-
tions (METHODS) and since there was some variance in the
online speed estimates. Therefore, in post hoc analyses,
we redetected all saccades (METHODS), and we then plotted
the distributions of flash times in Fig. 1B. As can be seen,

relative to the generated saccades (the gray region in Fig. 1B
indicates the range of saccade end times observed for this
subject, and Fig. 1, C and D, bottom, show radial eye speed
from the same saccades), one set of times was intrasaccadic
(labeled t1), another was around or shortly after saccade end
(labeled t2), and the third was even longer after the saccades,
when localization reports were expected to be nearer to the
true probe flash locations on the display (labeled t3). Thus,
our paradigm allowed us to analyze periods of significant
perisaccadic mislocalization (times t1 and t2) as well as peri-
ods closer to full recovery (t3). For simplicity, in what fol-
lows, we sometimes refer to t1, t2, and t3 as 30 ms, 70 ms,
and 110ms, respectively.

Importantly, we ensured that the saccade vectors and ki-
nematics were matched for the two different saccade target
appearances. This was aided by having a small target spot in
the middle of the gratings (39) (Fig. 1A), as well as by our fil-
tering criteria described in METHODS. The net result was that
the saccade distributions for the two different image types
were virtually indistinguishable from each other between
the low- and high-spatial frequency saccade targets (Fig. 1, C
and D; 1 example subject’s results are shown). Thus, we were
now in a position to explore whether perisaccadic mislocali-
zation was different for the two different saccade target
images, despite the matched saccades.

Stronger Perisaccadic Mislocalization for Low-Spatial
Frequency Saccade Targets

We analyzed each subject’s click positions in each condi-
tion and time bin from Fig. 1. As stated in METHODS, we
focused on the three probe flash locations ahead of the sac-
cade target (1 directly along the saccade vector and 2 at ±45�

oblique directions). This was the case especially because
these three locations cause the strongest mislocalization (16,
17). Moreover, given that our saccades were significantly
smaller than in previous studies of mislocalization (11, 16)
[and were thus associated with smaller mislocalization
strengths in general (17, 41)] and given the proximity of the
probe opposite the saccade vector to the initial fixation posi-
tion (METHODS), we felt that focusing only on the probe flash
locations ahead of the saccade target was justified.

In Fig. 2, A–C, we show all click positions from one exam-
ple subject’s data. Each panel shows results from a given
time bin, and this subject is the same subject whose eye
movement data are shown in Fig. 1. As can be seen, the sub-
ject exhibited clear perisaccadic mislocalization, which
diminished with increasing time from saccade onset. That is,
regardless of which saccade target was visible (the 2 different
colors in Fig. 2), the subject’s click positions were closer to
the saccade target in Fig. 2A than they were in Fig. 2, B and
C. And, by time t3 (110 ms), the click positions were closer to
the true physical probe flash positions (Fig. 2C) (with the ex-
istence of some expected residual systematic undershoot
biases; Refs. 48, 49). This fact, that the reported positions
were more accurate for later flash times, confirms our intu-
ition that the click errors seen in Fig. 2, A and B, were not due
to distortions in the subject’s memory of the flash position; if
they were, then there was no reason for these errors to
decrease for the later flash times, since the trial lengths after
flash onsets were generally all very similar across conditions.
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Indeed, in our previous work, we found veryminimal impacts
of long memory delays on (saccade free) memory-based
reporting of stimulus locations with amouse cursor (48, 49).

Importantly, Fig. 2, A–C, show that the subject’s behav-
ioral reports clearly depended on the appearance of the sac-
cade target. This is seen through the different conditions in
Fig. 2, A–C. In orange we show the clicks with the low-spatial
frequency saccade target, and in blue we show clicks with
the high-spatial frequency saccade target. There was stron-
ger mislocalization, especially for the oblique probe flash
positions, with the low-spatial frequency saccade target.
This was also evident in the median click positions for the
different probe flash locations and times (Fig. 2, D–F; error
bars denote interquartile ranges). Thus, in this example sub-
ject, perisaccadic mislocalization depended on the visual
appearance of the saccade target, even with metrically and
kinematicallymatched saccades.

These results were consistent across our eight subjects. We
repeated the analyses of Fig. 2, D–F, for each subject, and we
then plotted the mean and SE values across the subjects in
Fig. 2, G–I. There were systematic differences between the
two different saccade target image appearances, which we
investigated further in Fig. 3. Specifically, we computed, for
each trial, the Euclidean distance between the physical loca-
tion of the probe and the individual click position. Then,
within each subject, we took the median distance across all
three flash locations ahead of the saccade target location,
and we did this separately for the different probe flash times.
The saturated data points in Fig. 3 show the mean and SE
across eight subjects, and the gray data points show individ-
ual subject results. Note that the y-axis ranges in Fig. 3, A–C,
are not the same across the three panels, and this is because
mislocalization got progressively smaller with increasing

delay between the saccade and probe onsets (Fig. 2); we
wanted to zoom into the data ranges of each panel individu-
ally. As can be seen, for each of times t1 and t2, all but one
subject showed a stronger perisaccadic mislocalization for
the low-spatial frequency saccade target than for the high-
spatial frequency saccade target (Fig. 3, A and B). At time t3,
all but two subjects still showed this effect, although the
overall mislocalization strength was much weaker given the
longer time after the saccade (Fig. 2). Again, the weaker mis-
localization with later flash times after the saccade rules out
an interpretation of our results as being solely due to distor-
tions in workingmemory.

We further quantified these effects by plotting in Fig. 3D
the difference in the mislocalization strength between the
low- and high-spatial frequency saccade target images as a
function of probe flash time. This difference was similar for
times t1 and t2, and it was clearly positive at each of these
two time points (with only 1 outlier subject in each case).
Statistically, we performed a repeated-measures two-way
ANOVA with the factors time and spatial frequency of the
saccade target. Both main effects were significant [time:
F(2,14) ¼ 67.78, P < 10�7, g2 ¼ 0.906; spatial frequency of
the saccade target: F(1,7) ¼ 69.04, P < 10�4, g2 ¼ 0.908].
There was no significant interaction between these two
factors. This is consistent with the observation that the
difference in mislocalization strength for the two differ-
ent saccade target image appearances was very similar
for times t1 and t2 in Fig. 3D. We also performed post hoc
tests (with Bonferroni correction), which revealed a sig-
nificant difference in mislocalization strength between
the saccade target image types for both time t1 (P ¼ 0.015)
and time t2 (P ¼ 0.025). These results suggest that a peri-
saccadic phenomenon, which can potentially depend on
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ascending SC projections (28–30, 32), depends on the vis-
ual appearance of the saccade target (especially at times
t1 and t2). This implies that visual feature tuning in SC
neuronal movement commands (39) may, in turn, poten-
tially provide more than just the vector information of
executed movements via SC-sourced corollary discharge
signals.

Stronger Orthogonal Mislocalization for Low-Spatial
Frequency Saccade Targets

In the analyses of Fig. 2, we additionally noticed that
oblique probe flash positions exhibited a stronger depend-
ence of mislocalization strength on saccade target image
appearance in the direction orthogonal to the saccade vector
than in the direction parallel to it. Specifically, at time t1,
with maximal mislocalization strengths in our experiments,
both the example subject (Fig. 2,A andD) and the population
(Fig. 2G) showed a bigger deviation in the vector direction
between the true probe flash position and the behavioral
reports of the subjects, suggesting a difference in the orthog-
onal component of mislocalization. Such a difference was
masked by the analyses of Fig. 3, which pooled different
probe flash positions and which were somewhat agnostic of
the two-dimensional nature of perisaccadic mislocalization.
Therefore, to explore this further, we expressed the mislocal-
ization effect according to its two spatial components: one
along the direction of the saccade (parallel to it) and one or-
thogonal to the saccade vector (Fig. 4A). We then compared

the mislocalization effect in each direction separately for the
two different saccade target image appearances.

We first compared the mislocalization effects along the
saccade direction (Fig. 4, B–E), which is generally the direc-
tion in which mislocalization is strongest even for oblique
flash positions (16, 17). Although the trends were all the same
as those seen in Fig. 3, the clearest statistical effect now
emerged only at time t2. Specifically, we performed a
repeated-measures two-way ANOVA with the factors time
and spatial frequency of the saccade target. Both main
effects were significant [time: F(2,14) ¼ 47.27, P < 10�6, g2 ¼
0.871; spatial frequency of the saccade target: F(1,7) ¼ 6.6,
P ¼ 0.037, g2 ¼ 0.486], and there was no interaction.
However, in post hoc tests (with Bonferroni correction), there
was only a significant difference for the two types of saccade
target at time t2 (Fig. 4, C and E). Thus, this might indicate
that the saccade target image appearance effects seen in
Fig. 3, especially at maximal mislocalization periods (time t1),
might have been dominated by the orthogonal component of
mislocalization. We confirmed this to be the case. We per-
formed the same tests but now onmislocalization orthogonal
to the saccade direction (Fig. 4, F–I). Again both main effects
were significant [time: F(2,14) ¼ 4.34, P ¼ 0.034, g2 ¼ 0.383;
spatial frequency of the saccade target: F(1,7) ¼ 11.12, P ¼
0.013, g2 ¼ 0.614]. On top of that, there was also an interac-
tion between the factors time and spatial frequency of the
saccade target [F(2,14) ¼ 9.47, P ¼ 0.003, g2 ¼ 0.575], indicat-
ing that the difference in mislocalization for the different
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Figure 4. Stronger orthogonal mislocalization with low-spatial frequency saccade targets.A: our analysis approach for assessing the strength of orthogo-
nal mislocalization. For the oblique probe flash positions ahead of the saccade target, we measured the 2 components of mislocalization separately.
One component was along the saccade direction (measuring the horizontal distance between the reported and true probe locations), and one compo-
nent was orthogonal to the saccade direction (measuring the distance between true and reported probe locations along the orthogonal axis). B–E:
same as Fig. 3, A–D, but for the parallel component of mislocalization. The trends were all the same as in Fig. 3. but the significant effect of saccade tar-
get image appearance only emerged at time t2 (see text). This might suggest that orthogonal mislocalization might have dominated the effects of Fig. 3.
especially at time t1. F–I: we confirmed this by repeating the same analyses, but this time for the orthogonal component of mislocalization. Note how
there was clearly stronger orthogonal mislocalization for low- than high-spatial frequency saccade targets, especially at time t1. All other conventions in
this figure are the same as those in Fig. 3. cpd, cycles/�.
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saccade targets differed as a function of time. Consistent with
this, a post hoc test (with Bonferroni correction) revealed that
the significant difference as a function of saccade target
image appearance was present at both times t1 (P ¼ 0.006)
and t2 (P ¼ 0.022) (Fig. 4I). Thus, even the two-dimensional
landscape of perisaccadic mislocalization (16, 17) depends on
the saccade target image appearance, and this effect was
clearest at time t1 (Fig. 4I).

Stronger Mislocalization for Probes in the Upper Rather
than Lower Visual Field

The SC is known for its asymmetric representation of the
upper and lower visual fields (22, 23). Therefore, we also
wondered whether, even for purely horizontal saccades, mis-
localization strength could additionally depend on the visual
field locations of the probe flashes. For example, it could be
the case that upper visual field magnification in the SC (22) is
an additional topographic map distortion that can poten-
tially modify mislocalization patterns. Testing this possibil-
ity would provide even further motivation for the idea of a
putative involvement of the SC in remapping mechanisms
that can cause perisaccadic mislocalization. Moreover, if
validated, showing different perisaccadic mislocalization for
the upper and lower visual fields would add to increasing
evidence that perisaccadic vision in general might follow SC
visual field asymmetries rather than asymmetries in per-
formance that occur in the absence of saccades (likely corti-
cally mediated), which are of exactly opposite sign to the SC
asymmetries (55–58). Indeed, this is already known to be the
case for perisaccadic suppression of visual sensitivity (53).
Other human evidence includes perisaccadic visual merid-
ian effects (59), visual field asymmetries in crowding and
saccadic precision (60), and visual motion processing in the
brain (for example, while walking) (61).

Combining all trials from both the low- and high-spatial
frequency saccade targets, we compared mislocalization

strength when the probe was presented in either the upper
or lower visual field. That is, we explored the two oblique
probe locations ahead of the saccade target location, which
were perfectly symmetric with respect to the saccade vector,
except for the visual field difference (METHODS). The results
are shown in Fig. 5, which is formatted similarly to Fig. 3
and Fig. 4. However, here, instead of comparing the effects
of the saccade target image appearance on mislocalization,
we now compared probe flash locations. As can be seen,
there was clearly stronger mislocalization in the upper,
rather than lower, visual field. We tested this statistically
with a repeated-measures two-way ANOVA (factors: time
and probe location). The test results were significant for
both the factors of time [F(2,14) ¼ 62.58, P < 10�6, g2 ¼
0.899] and probe location [F(1,7) ¼ 23.22, P ¼ 0.002, g2 ¼
0.768]. There was also a significant interaction between
these two factors [F(2,14) ¼ 6.46, P ¼ 0.01, g2 ¼ 0.48)
(Fig. 5D). Moreover, post hoc tests revealed that the differ-
ence between upper and lower visual field probe locations
was significant at all three tested times (t1: P ¼ 0.001; t2:
P ¼ 0.005; t3: P ¼ 0.014) (Fig. 5D). Therefore, there was a
clear dependence of perisaccadic mislocalization strength
on visual field location, even with purely horizontal sac-
cades. Note that we reached similar conclusions when we
performed these analyses individually for either the low-
or high-spatial frequency saccade targets as well (this can
also be easily inferred from Fig. 2).

Thus, our results so far indicate that perisaccadic
mislocalization depends on both saccade target image
appearance (Figs. 2–4) and retinotopic probe flash loca-
tion (Fig. 5). We next related these effects to unin-
structed eye movements during the response phase of
our experimental trials, and we then confirmed that our
mislocalization observations were not explained by an
altered visibility of the probe flashes by the visual condi-
tions of our experiments.
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Similar Mislocalization Effects by Analyzing
Uninstructed Saccades While Subjects Responded

In our mislocalization paradigm, we did not provide any
instructions to our subjects onwhat to dowith their eyeswhile
reporting their perceived flash locations via mouse cursor
clicks (METHODS). Nonetheless, we consistently observed that
the subjects automatically generated secondary saccades
pointing almost exactly to where they clicked (Fig. 6A shows
such example trials from one of our subjects). This prompted
us to askwhether the eyemovement endpoint locations at the
time of mouse cursor clicks correlated with the mouse cursor
click positions that we had asked for. This was most definitely
the case. For example, for the same subject as in Fig. 6A,
Fig. 6B plots theEuclideandistance between themouse cursor
click location and the true flash location on the x-axis, and the
figure simultaneously plots, on the y-axis, the Euclidean dis-
tance between the same subject’s eye position (measured�50
to 0 ms relative to mouse cursor click time) and the true flash
location. The two measures were highly correlated (Pearson’s
r¼ 0.92; P< 10�12; including all trials from the subject with all
possible probe flash times and also pooling across spatial fre-
quencies of the saccade target). This was also true across all of
our subjects, as shown in Fig. 6C. In this figure, each subject is
represented by three symbols covering the three possible flash
times. As can be seen, there was clear correlation between
mouse cursor reports and uninstructed eye position reports
(Pearson’s r ¼ 0.98; P < 10�17 across all shown data points).
Therefore, in perisaccadic mislocalization paradigms (for
example, in monkeys), it is possible to use secondary eye
movements after the primary saccade of interest to objectively
measuremislocalizationeffects (seeDISCUSSION).

Similar Flash Visibility for Low- and High-Spatial
Frequency Saccade Targets

In the above experiment and analyses, we were confident
that the probe flashes were suprathreshold (and thus highly
visible to the subjects) because of their high contrast
(METHODS). Therefore, we interpreted the results as suggest-
ing that mislocalization can indeed depend on the visual
appearance of the saccade target (Figs. 1–4). However, it
could still be the case that the appearance of the saccade tar-
get (especially given that it was a relatively big image patch)
could, in one way or another, cause different detectability
levels of the brief perisaccadic probe flashes. Therefore, in a
second experiment, we explicitly characterized the detect-
ability of the flashes at different contrast levels. This allowed
us to confirm that the detectability of the high-contrast
probe flashes in the results above was the same for either the
low- or high-spatial frequency saccade targets.

We perisaccadically flashed brief, low-contrast probes
(METHODS), and we measured contrast sensitivity curves. The
paradigm itself was very similar to that used above. However,
instead of localizing probe flashes, the subjects knew in
advance that the probe could appear at one of the four cardi-
nal directions around the saccade target (Fig. 7A; METHODS).
They simply had to report which of the four locations dis-
played the flash.

As in the mislocalization experiment, we also had variable
probe flash times relative to saccade onset. Specifically,
Fig. 7B shows the timing of the probe flashes in this new
experiment. As can be seen, the trigger points of the probe
flashes after online saccade detection (METHODS) resulted in a
bimodal distribution of flash times. The second mode (at
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�70 ms; Fig. 7B) was very similar to that in t2 of the original
experiment. Since time t2 in that experiment was still a time
in which we had clear differential mislocalization perform-
ance for the two different saccade target image appearances
(Figs. 2–5), this time bin in the current experiment was ideal
to check whether the detectability of the probe flashes was
any different for the two different saccade target image fea-
tures. We thus labeled this second mode in Fig. 7B as t2,
since it was quantitatively similar to time t2 in the original
experiment. As for the first mode in the histogram of Fig. 7A,
we split it into two subcategories (t1a and t1b) because we
wanted to check for a worst-case scenario about potential
visibility differences with maximal saccadic suppression,
which would be expected for t1a (the closest time to saccade
onset).

In the current experiment, we also matched the saccade
metrics and kinematics across the two different image
appearances of the saccade target, just like we did in the
perisaccadic mislocalization experiment above. For exam-
ple, Fig. 7, C and D, show eye movement analyses very sim-
ilar to those in Fig. 1, C and D, from a sample subject. As
can be seen, the saccade properties were well matched
across the two different image appearances of the saccade
target. Therefore, we could now check the psychometric
curves.

Even under the worst-case scenario of maximal saccadic
suppression, perceptual detection reached ceiling perform-
ance at probe luminances well below those that we used in
the perisaccadic mislocalization experiment described above.
This can be seen from Fig. 8. In Fig. 8A, we show the psycho-
metric curves of performance from one example subject (the
same one as in Fig. 7, C andD). One pair of curves is for probe
flashes occurring at time t1a from Fig. 7B, and another pair is
for probe flashes occurring at time t2. In each pair, one curve
is for the low-spatial frequency saccade target, and the other
is for the high-spatial frequency saccade target. For reference,
the probe contrast used in the perisaccadic mislocalization

experiment above was at an x-axis value of 70 in these psycho-
metric curves. Thus, in all cases, this subject’s performance
reached ceiling performance for much lower probe contrasts,
even at the worst-case scenario of near-maximal saccadic sup-
pression. Importantly, at time t2, when mislocalization still
showed significant differential effects between saccade target
appearances (Figs. 2–4), the full psychometric curves in this
current experiment were completely overlapping (and with
very low detection thresholds). Thus, the results of Figs. 2–4
cannot be explained by different probe detectability due to
the different saccade target image appearances used in the
experiments.

These results were consistent across all eight subjects
(Fig. 8B). Interestingly, at the population level, we found a
small, but significant (P < 0.05; bootstrapping; METHODS) dif-
ference in the semisaturation contrasts of the two saccade
target image appearances only at time t1a (but not at times
t1b and t2). This might suggest that even perisaccadic sup-
pression itself, which can putatively also rely on corollary
discharge information (28, 62), might also depend on the sac-
cade target visual features. This is consistent with both the
predictions of the neurophysiology (39) and the general
motivations for the present study. Nonetheless, from the
perspective of perisaccadic mislocalization, which is the
main topic of the present study, the most important feature
of the results of Fig. 8B is that, at the probe contrasts used in
Figs. 1–5 (x-axis luminance of 70 in Fig. 8B), perceptual
detectability of the probe flashes was clearly at ceiling and
did not depend on the saccade target image appearance.
Thus, the results of Figs. 2–4 cannot be explained by visual-
visual interactions caused by the different image appearan-
ces of the low- and high-spatial frequency saccade target
gratings.

Therefore, our observations, combined, suggest that peri-
saccadic mislocalization seems to depend on the visual
appearance of the saccade target (Figs. 1–4) and that this de-
pendence is not explained by a simple visual interaction
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between such appearance and the ability to detect high-con-
trast perisaccadic probe flashes (Fig. 7 and Fig. 8).

DISCUSSION
In this study, we were motivated by our recent observa-

tions that SC motor bursts can be different for different vis-
ual appearances of the saccade target, even with matched
saccade metrics and kinematics (39). Such difference sug-
gests that the motor bursts in the SC might be dissociated
from the exact moment-to-moment execution of the eye
movements (23, 63). Assuming that such visual sensory tun-
ing in SC motor bursts underlies a function, we hypothesize
that it is used via the ascending projections from the SC to
other brain areas. Such projections may be thought of as cor-
ollary discharge (24, 31, 32, 64): neurons on the SC map
that are active at the time of saccade onset indicate the
vector of the intended saccade (65), and such vector infor-
mation (and the concomitant time-locked onset of the bursts)
could help to either suppress visual sensitivity (29, 66) or
remap retinotopic response fields (32) in the cortex. Given
that the SC integrates a large amount of visual information
from many brain areas, including from the retina (67), visual

information in the SC motor bursts at the time of saccades
could allow the predictive processes associated with corol-
lary discharge (29, 32, 38, 68) to be more general than just
informing cortex of the timing and vector of saccades. These
processes could additionally enable transsaccadic feature
prediction to anticipate the foveated image appearance after
the saccade. In other words, visual information in the SC at
the time of saccade onset could be relayed for postsaccadic
visual processing in the fovea. Although this idea needs to be
explicitly tested neurophysiologically (for example, by
investigating the transfer of visual information to foveal
neurons in the SC and elsewhere across saccades), our
goal here was to check whether perceptual correlates of it
could potentially be observed. Thus, the scope of our pres-
ent contribution is solely the documentation of a new
type of phenomenology that is associated with perisacca-
dic mislocalization.

We specifically found that the properties of perisaccadic
mislocalization depended on the appearance of the saccade
target. Moreover, this effect was not explained by different
visibility of the perisaccadic high-contrast probe flashes as a
function of the saccade target appearance. We believe that
these results motivate revisiting earlier neurophysiological
investigations of corollary discharge from the SC (25, 26, 29,
31, 64, 66), but now from the perspective of saccades to
images. For example, one could start mapping neurons in
the pulvinar or medio-dorsal thalamus, which are involved
in corollary discharge signaling from the SC to the cortex,
but specifically during active vision tasks involving saccades
to images rather than to spots. This could clarify if and how
these brain areas may relay information about the visual
appearance of saccade targets to their recipient neurons. It
could also help explain what other roles these relay areas
might have. For example, if SC visual responses, and not just
saccade-related motor bursts, are relayed (25), then what is
the purpose of such relaying, and what are the feature tuning
properties of visual responses in areas like the pulvinar and
themedio-dorsal thalamus?

These and related questions can also help identify the
potential ecological benefits of having stronger perisaccadic
mislocalization for low-spatial frequency saccade targets, as
we found here. Of course, in general, we believe that it would
be quite rare to experience perisaccadic mislocalization in
real life, since it is unlikely that brief visual stimuli will sud-
denly appear right around the time of a saccade. However,
and asmentioned above, the key to perisaccadicmislocaliza-
tion is that the mechanisms revealed by such a laboratory
phenomenon will still be relevant in everyday life. We specu-
late that certain aspects of visual processing in the brain
must (and do) emphasize the processing of low spatial fre-
quencies in the incoming retinal images, particularly
given the known spectral content of natural scenes (69,
70). For example, saccades in both humans and monkeys
have consistently faster reaction times for low-spatial fre-
quency targets (71–73), and SC visual responses are consis-
tently stronger and earlier for low-spatial frequency images
(73). Thus, it could be that an alteration of transsaccadic proc-
essing for low-spatial frequency saccade targets, as revealed
by stronger perisaccadic mislocalization, enables a targeted
highlighting, both pre- and postsaccadically, of such impor-
tant images.
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was a 4-alternative forced choice task, chance performance was at a 25%
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a 62.5% correctness rate. When the probe appeared during time t1a in
Fig. 7B. the subject showed a higher detection threshold for the low-spa-
tial frequency saccade target than for the high-spatial frequency saccade
target. However, note that ceiling performance was reached by luminance
index 50 above background. For reference, the probe luminance in Figs.
1–5 was at 70 on the x-axis. Thus, even at time t1a, the probe in Figs. 1–5
was highly detectable. For time t2, the thresholds were much lower, and
the psychometric curves were almost completely overlapping. Note that
at this time perceptual mislocalization still significantly differentiated
between the saccade target image appearances (Figs. 2–4), suggesting
that such differentiation was not mediated by different probe visibility for
the 2 different types of saccade targets that we used. Error bars denote
68% confidence interval (c.i.). The size of each shown data point is scaled
by the numbers of observations. a.u., Arbitrary units. B: population results.
Each curve shows the average of the 8 subjects’ psychometric curves,
and error bars denote SE. At time t1a, there was a small threshold differ-
ence between the different saccade target appearances (P < 0.05; boot-
strapping; METHODS). However, at t2 (and t1b; not shown), there were no
differences. Importantly, performance was clearly at ceiling at the probe
contrasts used in the mislocalization experiment. Thus, the results of Figs.
2–5 cannot be explained by altered detectability of the probe flashes by
the different saccade target image appearances.
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Although we did not focus on perisaccadic suppression
too much in our present study, our second experiment al-
ready allowed us to additionally measure perceptual sup-
pression at time t1a (Fig. 7 and Fig. 8). Interestingly, both the
sample subject (Fig. 8A) and the population of subjects
(Fig. 8B) showed that there was potentially stronger suppres-
sion (higher thresholds in the psychometric curves) when
the saccade target had a low spatial frequency than when it
had a high spatial frequency. This might suggest that even
saccadic suppression strength, and not just perisaccadicmis-
localization, can depend on the visual appearance of the
saccade targets. In addition to being consistent with our
hypotheses above about corollary discharge incorporating
saccade target appearance in its signal, this is also consistent
with our observations on perisaccadic mislocalization in our
main experiment. Indeed, we previously measured percep-
tual saccadic suppression in humans, with saccades across
different visual textures, and we again observed stronger
perisaccadic suppression with low-spatial frequency textures
(14). Although our interpretations in that earlier study
focused on the visual components of perisaccadic suppres-
sion, results from the present study and the sensory-tuned
SC motor bursts (39) hint that motor-related components
could also potentially account for at least some of these dif-
ferences. Nonetheless, what is clear from our present detec-
tion experiments is that they cannot fully explain the
mislocalization ones. This is because the probe contrasts in
the mislocalization experiments were very high compared to
when there could be any potential image dependencies of
detection performance. In fact, at time t2, the detection
psychometric curves were completely overlapping for the
two different saccade target image appearances (and
almost fully recovered relative to time t1a), but the misloc-
alization strength was still different.

Having said that, the saccade target in our experiment
(and not just the representations of the probe flashes) was
swept on the retina across saccades. As a result, there was a
retinal motion sweep, which could potentially contribute to
our observed results. In other words, if the motion sweep
had different properties for the two different saccade target
images, then it could still be possible that visual-visual inter-
actions could account for our observations of different mis-
localization strengths across the image types. However, by
deliberate experimental design choice, our gratings were or-
thogonal to the saccade vector direction. Thus, there was
maximal retinal blurring of these gratings by the saccades.
So, it seems less likely that this could have fully explained
our mislocalization results. Moreover, we always placed a
small fixation spot (over a gray background) right in the mid-
dle of each grating (39), which further allowed us to control
for the postsaccadic fixation statistics across trials (and inde-
pendently of the spatial frequency of the saccade target).
Also, our detectability experiments suggested that the
probe contrast was so much above threshold contrast,
especially at time t2, as to be affected by potential subtle
differences in the retinal motion sweeps associated with
low- and high-spatial frequency grating saccade targets.
Finally, perisaccadic mislocalization can still occur with
saccades toward a blank (74).

More generally, we believe that our experiments motivate
the study of visual perception from an active perspective. In

addition, taking a more ecological approach to active vision
than with simple dot stimuli would be useful. It can reveal
visual-visual and visual-motor interactions that are most rel-
evant for natural behavior. More importantly, such an eco-
logical perspective should also consider the state of the body
itself, and not just the environmental context (63). Indeed,
maintaining proper bodily posture and orientation requires
a sustained tonic activation of eye and neck muscles, and
proprioception of the neck muscles can have a significant
impact on aligning a pointing response with a visual target
impinging on the retina (63). Taking such an approach can
merge fields of vision, oculomotor control, body posture,
and reference frames in amost interestingmanner.

In our case, our segue into an ecological approach was
driven by our interest in visual field asymmetries. For exam-
ple, it is believed that overrepresentation of the upper visual
field by the SC (22) could be ecologically relevant for active
orienting across species (67, 75). Intriguingly, this motivated
us to explore the effects of upper and lower visual field
flashes in terms of mislocalization strength (Fig. 5), and we
indeed found stronger perisaccadic mislocalization in the
upper visual field. This is reminiscent of a differential effect
also in saccadic suppression strength between the upper and
lower visual fields (53), and it would be interesting in the
future to further merge the topics of visual field asymmetries
and perisaccadic vision but from a much more neurophysio-
logical perspective.

In that regard, we have already utilized our observations
in Fig. 6 to port our visual mislocalization paradigms to the
monkey animal model (for further neurophysiology) (76).
Specifically, the results of Fig. 6 provided us with very useful
information because they suggest that one could train mon-
keys to report their perceived flash location with a secondary
eye movement after the primary one. This opens the door for
advanced neurophysiological experiments, including with
causal perturbation manipulations, using identical behav-
ioral paradigms to humans. This is an enticing opportunity.
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