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Abstract

Saccadic inhibition refers to a short-latency transient cessation of saccade generation after visual sensory transients. This oculo-
motor phenomenon occurs with a latency that is consistent with a rapid influence of sensory responses, such as stimulus-
induced visual bursts, on oculomotor control circuitry. However, the neural mechanisms underlying saccadic inhibition are not
well understood. Here, we exploited the fact that macaque monkeys experience robust saccadic inhibition to test the hypothesis
that inhibition time and strength exhibit systematic visual feature tuning properties to a multitude of visual feature dimensions
commonly used in vision science. We measured saccades in three monkeys actively controlling their gaze on a target, and we
presented visual onset events at random times. Across seven experiments, the visual onsets tested size, spatial frequency, con-
trast, orientation, motion direction, and motion speed dependencies of saccadic inhibition. We also investigated how inhibition
might depend on the behavioral relevance of the appearing stimuli. We found that saccadic inhibition starts earlier, and is stron-
ger, for large stimuli of low spatial frequencies and high contrasts. Moreover, saccadic inhibition timing depends on motion direc-
tion and orientation, with earlier inhibition systematically occurring for horizontally drifting vertical gratings. On the other hand,
saccadic inhibition is stronger for faster motions and when the appearing stimuli are subsequently foveated. Besides document-
ing a range of feature tuning dimensions of saccadic inhibition to the properties of exogenous visual stimuli, our results establish
macaque monkeys as an ideal model system for unraveling the neural mechanisms underlying a ubiquitous oculomotor phenom-
enon in visual neuroscience.

NEW & NOTEWORTHY Visual onsets dramatically reduce saccade generation likelihood with very short latencies. Such latencies
suggest that stimulus-induced visual responses, normally jump-starting perceptual and scene analysis processes, can also
directly impact the decision of whether to generate saccades or not, causing saccadic inhibition. Consistent with this, we found
that changing the appearance of the visual onsets systematically alters the properties of saccadic inhibition. These results con-
strain neurally inspired models of coordination between saccade generation and exogenous sensory stimulation.

contrast sensitivity; motion; saccadic inhibition; spatial frequency; stimulus size

INTRODUCTION

Saccadic inhibition (1, 2) is an inevitable consequence of
exogenous visual sensory stimulation (3). In this phenom-
enon, which also occurs for microsaccades (4, 5), the appear-
ance of a visual stimulus, no matter how brief, is associated
with an almost-complete cessation of saccade generation,
and this cessation occurs with express latencies of <90–100

ms from stimulus onset (1, 2, 6–9). This conjunction of an
early motor effect and a sensory origin driving it would sug-
gest that saccadic inhibition reflects the arrival of visual sen-
sory signals at the final oculomotor control circuitry
relatively rapidly. Consistent with this, some studies in
humans have demonstrated that saccadic inhibition (as
observed with ongoing microsaccades during gaze fixation)
depends on the contrast of the appearing visual stimuli (10–
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12); this reinforces the notion that saccadic inhibition can
reflect visual sensory feature tuning properties somewhere
late in the visual-motor hierarchy (3). Moreover, stimulus
size exhibits a modulatory effect on the latency and strength
of saccadic inhibition for voluntary, target-directed saccades
(7, 8). Exploiting the fact that saccadic inhibition and related
smooth eye velocity modulations also occur during smooth
pursuit eye movements (13–15) (for example, affecting catch-
up saccades), yet other studies have shown a potential de-
pendence on spatial frequency of the inhibitory oculomotor
processes associated with saccadic inhibition (16).

Despite the fact that monkeys, constituting a highly suita-
ble animal model for investigating neural mechanisms, also
show robust saccadic inhibition, whether in controlled fixa-
tion tasks with microsaccades (5, 17, 18) or in free viewing
paradigms (19, 20), the neural mechanisms driving saccadic
inhibition remain elusive (3, 21). Earlier models have sug-
gested that lateral inhibition in sensory-motor structures
like the superior colliculus and frontal eye fields might play
a role in this phenomenon (22–25). However, inactivation of
neither the superior colliculus (26) nor the frontal eye fields
(27) alters saccadic inhibition (for the case of microsaccades)
in any meaningful way. Moreover, the detailed feature tun-
ing properties of saccadic inhibition in monkeys have not
yet been fully documented. We recently showed, again with
microsaccades, that saccadic inhibition latency (and associ-
ated movement vector modulations) in macaque monkeys
depends on the luminance polarity of the visual onsets (dark
vs. bright contrasts) as well as on whether the onsets were of
a small spot or of a large full-screen flash (28). This leaves a
great deal more to desire: the use of monkeys to study the
neural mechanisms underlying saccadic inhibition requires
much further characterization of the visual feature tuning
properties of this ubiquitous phenomenon in these animals.

In this article,wedocument a series ofdependencies of sac-
cadic inhibition in rhesusmacaquemonkeys on different vis-
ual feature dimensions. These feature dimensions include
stimulus size, spatial frequency, contrast, orientation,motion
direction, and motion speed. We also compare saccadic inhi-
bition when different forms of gaze-orienting behaviors are
triggered by the visual onsets. Experimentally, we exploited
the fact that microsaccades continuously optimize eye posi-
tion on the fixation spot (19, 29, 30); thus, they represent
active oculomotor exploratory behavior on aminiature scale,
which is fundamentally not different from free viewing (31).
This is similar to human oculomotor behavior as well (32).
Therefore, microsaccades represent an ideal experimental
test bed for studying saccadic inhibition ingeneral.

In what follows, we present evidence that the nature of
the visual sensory signals present in the final oculomotor
control circuits mediating saccadic inhibition can be quite
distinct from the visual feature tuning properties of brain
areas, such as early cortical visual areas, that might instead
serve other aspects of scene analysis; the oculomotor system
possesses its own filtered representation of the visual envi-
ronment (33). These observations provide a solid foundation
not only for exploring the neurophysiological mechanisms
associated with saccadic inhibition in more detail but also
for further future investigations of additional feature dimen-
sions that might influence saccadic inhibition, such as color
and form.

MATERIALS AND METHODS

Experimental Animals and Ethical Approvals

We collected data from three adult male rhesus macaque
monkeys (Macaca mulatta) aged 7–14 yr and weighing 9.5–
12.5 kg. All experiments were approved by ethics committees
at the regional governmental offices of the city of T€ubingen.

Laboratory Setup and Animal Procedures

The bulk of the data were collected in the same laboratory
as that described in our earlier studies (34–36). Specifically,
we used a CRT display spanning �31� horizontally and 23�

vertically. The display was �72 cm in front of the animals,
and it had a refresh rate of 85 or 120 Hz. The display was line-
arized and calibrated, and we used grayscale stimuli
throughout the experiments. In some experiments in mon-
keys A and F, we used an LCD display with a refresh rate of
138 Hz (AOC AG273QX2700), which was also linearized and
calibrated. Some of the behavioral tasks (e.g., dependence on
the contrast of small, localized stimuli; see RESULTS) were
obtained by reanalyzing behavioral data from an earlier
study (34).

Data acquisition and stimulus control were realized
through our custom-made system based on the Plexon-
DATAPixx-Psychtoolbox system (PLDAPS) (37). The sys-
tem connected a DATAPixx display control device (VPixx
Technologies) with an OmniPlex neural data processor
(Plexon) and the Psychophysics Toolbox (38–40).

The monkeys were prepared for the experiments previ-
ously, since they also contributed to several earlier publica-
tions by our laboratory; for example, see Refs. 34, 41. In the
present purely behavioral experiments, we only measured
eye movements by high-performance eye tracking. To do so,
we exploited an implantation of a scleral search coil that we
had previously done in one eye of each monkey, and we
used the magnetic induction technique to track eye position
(42, 43). Naturally, additional follow-up neurophysiological
experiments in these animals will use the knowledge gener-
ated here to try to better understand the neural mechanisms
underlying saccadic inhibition. Head position was comfort-
ably stabilized during the experiments by attaching a small
head-holder device implanted on the skull with a reference
point on themonkey chair.

Experimental Procedures

In each experiment, the monkeys fixated a central fixation
spot (square of �5.4 � 5.4 min arc) presented over a gray
background (of luminance 26.11 or 29.7 cd/m2 for the CRT
display and 36.5 cd/m2 for the LCD display). The fixation
spot was either black or white (depending on the experiment
and date it was run), and it was only white in the experiment
in which the subjects were instructed to generate a foveating
saccade toward the appearing peripheral stimulus (see
experiment 5). The luminance of the white fixation spot was
86 cd/m2 in the CRT display and 132.5 cd/m2 in the LCD dis-
play. After an initial period of fixation, typically lasting
between 500 and 1,000 ms, a visual onset took place, which
triggered saccadic inhibition.

Across different experiments, we varied the type of visual
onset that took place, as we explain inmore detail next.
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Experiment 1: Size tuning.
During maintained fixation, a brief flash (�12- or �7- to 8-ms
duration) of a black circle centered on the fixation spot
appeared. The circle had variable radius across trials from
among eight possible values: 0.09� (approximately the size
of the fixation spot being gazed toward), 0.18�, 0.36�, 0.72�,
1.14�, 2.28�, 4.56�, and 9.12� (approximately the size of the
full display). Thus, we spanned a relatively large range of
stimulus sizes.

Note that the brevity of the flash in this and some later
experiments made it unlikely for a second saccadic inhibi-
tion event to take place in association with stimulus offset.
That is, because of the integration windows of the visual sys-
tem, the flash (rapid onset-offset event) acted more like a
unitary stimulus transient causing a single saccadic inhibi-
tion occurrence. Slower display flicker will undoubtedly
cause saccade rate oscillations (44), but we did not see evi-
dence for this in our data.

We typically ran this experiment in daily blocks of �200–
500 trials per session, and we collected a total of 7,178, 9,078,
and 3,103 trials in monkeys A, F, and M, respectively. This
resulted in a total of 628–1,402 analyzed trials per condition
per animal (after some exclusions, like when there were
blinks around stimulus onset; seeData Analysis).

Experiment 2: Spatial frequency tuning.
In this set of experiments, we presented a vertical sine wave
grating of high contrast (100%). The grating remained on
until trial end a few hundred milliseconds later (300 ms).
The monkeys were required to maintain fixation on the visi-
ble fixation spot. Across trials, the grating could have one of
five different spatial frequencies as follows: 0.5, 1, 2, 4, and 8
cycles/� (cpd). The grating size was constrained by a square
of 6� � 6� centered on the fixation spot. However, for some
sessions in monkey F, the grating filled the entire display.
The results were the same for the different grating sizes
(since 6� � 6� was already relatively large), so we combined
them in our analyses. The phase of the grating was random-
ized across trials.

We typically ran this experiment in daily blocks of �150–
400 trials per session, and we collected a total of 2,426 and
2,032 trials inmonkeys A and F, respectively. This resulted in
a total of 380–487 analyzed trials per condition per animal.

Experiment 3: Contrast sensitivity with full-screen
stimuli.
In this set of experiments, the stimulus onset during active
gaze fixation was a single display frame (�12 or �7–8 ms)
that was darker than the background (i.e., negative lumi-
nance polarity). This single-frame flash, which filled the
entire display with a uniform luminance, could have the fol-
lowing contrast levels relative to the background (Weber
contrast): 5%, 10%, 20%, 40%, and 80%.

We used negative luminance polarity in this and later
experiments because it generally evokes stronger visual
responses in the primary visual cortex than positive lumi-
nance polarity (45). Negative luminance polarity stimuli also
evoke earlier visual responses in superior colliculus neurons
(34), and they generally cause earlier saccadic inhibition
(with full-screen stimuli) as well (46). Microsaccade direction
modulations caused by localized peripheral stimuli are

additionally stronger with negative luminance polarity stim-
uli (46). Nonetheless, we expect generally similar dependen-
cies on features like contrast with positive luminance
polarity stimuli.

We typically ran this experiment in daily blocks of �200–
600 trials per session. In total, we collected 4,623, 4,035, and
3,946 trials inmonkeys A, F, andM, respectively. This resulted
in a total of 760–1,321 analyzed trials per conditionper animal.

Experiment 4: Contrast sensitivity with small, localized
stimuli.
Here, we analyzed data from the fixation experiments of Ref.
34. That is, there was a stimulus onset during fixation con-
sisting of a circle of 0.51� radius appearing somewhere on the
display and staying on until trial end. The stimulus could
have one of five different negative polarity (i.e., dark) Weber
contrasts as follows: 5%, 10%, 20%, 50%, and 100%. We did
not analyze the positive polarity (i.e., bright) contrasts from
the previous study (34) because we wanted to compare sac-
cadic inhibition to the task above with full-screen stimuli
(but the results were expected to be generally similar).

We had a total of 3,854 and 8,551 analyzed trials frommon-
keys A and M, respectively, in this task. This resulted in 623–
1,692 trials per condition per animal.

Experiment 5: Contrast sensitivity with small, localized
stimuli and visually guided foveating movements
toward them.
In this case, we used a task similar to that immediately above
(experiment 4), except that we removed the fixation spot as
soon as the peripheral stimulus appeared (34). This allowed
the monkeys to generate a foveating saccade toward the
appearing stimulus immediately after the saccadic inhibi-
tion that was triggered by the stimulus onset was completed.
Our goal here was to compare the inhibition properties when
the appearing stimulus was oriented toward with a foveating
eye movement, as opposed to being completely ignored.
That is, we tested what happens when the appearing stimu-
lus (which was outside of the range of ongoing eye move-
ment target locations when it occurred) was either ignored
(experiment 4) or oriented toward (current experiment). The
task was the same as the visually guided saccade task
described in Ref. 34. It thus also contained randomly inter-
leaved positive polarity stimuli, as in experiment 4.

We included a total of 1,928, 3,560, and 2,474 trials from
monkeys A, F, and M in our analyses of this task. This
resulted in �52–915 trials per condition per animal in our
analyses. Note that, in this experiment, not all contrasts
were available as in experiment 4. Thus, the plots in RESULTS

only show data from the contrasts that were actually tested.

Experiment 6: Motion direction and speed.
This experiment was similar to the spatial frequency tuning
experiment above (experiment 2) but with a constrained
stimulus size (6� � 6� centered on the fixation spot location).
In the current case, the grating presented was a drifting gra-
ting having one of eight equally spaced motion directions
and one of two temporal frequencies (4 or 16 Hz; equivalent
to 3.64 and 14.55�/s motion speeds, respectively). The spatial
frequency was constant across all trials: 1.1 cycles/�. At trial
onset, the drifting grating appeared for 300 ms before the
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monkeys were rewarded for keeping their gaze near the cen-
tral fixation spot.

We included a total of 3,878, 1,218, and 6,327 trials from
monkeys A, F, and M in our analyses of this task. This
resulted in �148–756 trials per motion direction (both
speeds) per animal in the analyses.

Experiment 7: Orientation tuning.
Here, we tested whether a static oriented grating also influ-
enced saccadic inhibition. In other words, because the drift-
ing gratings of experiment 6 above had both orientation and
motion direction information simultaneously embedded
within them, here we only explored the impact of orientation
alone. The experiment was similar to experiment 6, except
that we presented a full-screen stimulus onset consisting of a
2.12 cpd horizontal or vertical static grating of 100% contrast
(and 1 of 2 possible phases). The grating remained on the dis-
play for a few hundredmilliseconds (260–700ms), and (as in
other experiments) the fixation spot remained visible above
the stimulus throughout the trial.

We ran this experiment on monkeys A and M. For monkey
M, some of the trials not including any saccades were ana-
lyzed for our earlier documentation of ocular position drift
responses with similar stimuli (46). However, the saccade
data were not analyzed in either that previous study or any
other study from our laboratory. For monkey A, we collected
newdata for the purposes of the present study.We analyzed a
total of 1,338 and 1,352 accepted vertical and horizontal gra-
ting trials, respectively, from this monkey. From monkey M,
we analyzed a total of 2,458 and 2,457 accepted vertical and
horizontal grating trials, respectively. Note that the experi-
ments also included an equal number of trials with oblique
gratings (45� orientation). These trials, as expected, gave in-
termediate results between those of horizontal and vertical
gratings (see RESULTS below), consistentwith our observations
from experiment 6. Therefore, we elected not to show the
oblique orientation results formaximal clarity and simplicity.

Data Analysis

We detected all saccades with our establishedmethods (47,
48). In all experiments, we included all saccades that hap-
pened in the peristimulus interval (regardless of their size),
especially because we expected saccadic inhibition by stimu-
lus onsets to affect all occurring movements in the monkeys
(5). However, since the animals were engaged in fixation on a
small target, the saccades were generally small anyway (e.g.,
median 18, 10, and 32min arc in the prestimulus baselinefixa-
tion intervals of experiment 6 inmonkeys A, F, andM, respec-
tively; similar valueswere observed in the other experiments).

In the orienting version of the contrast sensitivity task
(experiment 5), we also detected the foveating saccade to-
ward the appearing stimulus. This allowed us to limit the
upper temporal boundary for analyzing the timing of sacca-
dic inhibition (see below for how we estimated saccadic inhi-
bition timing). In other words, once a foveating saccade is
generated, no subsequent saccadic inhibition could occur
because the foveating saccade can only proceed after the
oculomotor system has already been reset (3).

We excluded trials if there were blinks in the peristimulus
interval that we were interested in analyzing (from �500 ms

to þ 1,000 ms relative to stimulus onset). Although some
studies tape an additional wire loop on the eyelid of the ani-
mal to detect blinks with the same magnetic induction tech-
nique as for eye tracking (49), here we only used eye position
measurements to detect blinks; that is, blinks are associated
with characteristic eye movements that are easily detectable
because of their speeds, amplitudes, durations, and direc-
tions (50), and this was sufficient to allow us to exclude
unwanted epochs from analyses. We also excluded trials in
which the monkeys broke their required gaze fixation state
(either on the fixation spot or the foveated stimulus in the
saccade task) before trial end. These were rare.

To compute saccade rate, we aggregated saccade onset
times from all trials of a given condition and animal (we
pooled data from the same condition across days of data col-
lection in a given animal, but we always analyzed each mon-
key’s data separately). We then created arrays that were 0 at
all times except for the time samples of saccade onsets
(assigned a value of 1; 1,000 Hz sampling rate). We then used
amoving window of 50ms, moving in steps of 1 ms, in which
we counted the number of saccade onsets happening within
the averaging window and within a given trial. This gave us a
single rate estimate per trial. We then averaged across all tri-
als to obtain the average saccade rate curve of the particular
condition. Error bars around this average saccade rate were
obtained based on the population of underlying single-trial
rate estimates. For example, if there were 100 trials in a given
condition, then each time sample of a rate curve had a popu-
lation of 100 measurements, from which we could obtain
both average rate as well as measures of confidence (such as
95% confidence intervals or standard errors of the mean).
This approach is similar, in principle, to other standard sac-
cade rate calculation approaches in the literature (12, 28).
Subsequent analyses were made on the saccade rate curves
that we obtained with this procedure.

Since saccadic inhibition happens very shortly after puta-
tive visual bursts in potential brain areas mediating the inhi-
bition, we looked for hallmarks of feature tuning in the very
initial phases of the stimulus-driven eye movement inhibi-
tion. To do this, we computed an estimate of the latency of
the inhibition (called L50), and we related this latency to the
different stimulus properties. Figure 1A describes the con-
ceptual idea of the L50 measure, which we defined as done
previously in the literature (2, 12, 51). Briefly, we first meas-
ured baseline saccade rate in the final 100 ms of fixation
before stimulus onset in any given condition. We did this by
averaging saccade rate over this 100-ms period and pooling
across all trials of the condition (e.g., for all trials with 0.5
cpd in experiment 2). We then estimated how much the rate
dropped after stimulus onset during saccadic inhibition (i.e.,
the difference between the baseline rate and the minimum
saccade rate after the stimulus onset). L50 was defined as the
time point at which half of the rate drop during saccadic in-
hibition was achieved; the detailed robust estimate of this
halfway drop is described exhaustively elsewhere (2, 12, 51).
This measure is also conceptually similar to other estimates
of saccadic inhibition timing (9), and we do acknowledge
that other laboratories might elect to use alternative meth-
ods for estimating inhibition latency. We then repeated this
procedure for all other conditions.
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Our L50 measure was a robust estimate of saccadic inhibi-
tion timing, as can be seen from Fig. 1B. This figure plots the
raw saccade onset times of experiment 1 from one example
monkey (monkey F). The saccades are graphed as raster
plots, with each row being a trial and each tick mark indicat-
ing saccade onset time relative to stimulus onset. Trials of
the same type were grouped together and color-coded simi-
larly for easier visualization (even though they were ran-
domly interleaved during data collection). For each stimulus
type, Fig. 1B also indicates the obtained estimate of L50. As
can be seen, this measure was a robust estimate of saccadic
inhibition timing.

Even though L50 was our parameter of primary interest in
this study (given the above text and Fig. 1B), we also some-
times reported R50, which was simply the raw saccade rate
(not normalized to the baseline rate) at which L50 was
reached (Fig. 1A). This allowed us to document general vari-
ability of microsaccade rate (whether in baseline or at the L50

time of saccadic inhibition) across individual monkeys. The
calculation of R50 was again based on previously published
methods (12, 51).

Note also that we were not interested in postinhibition sac-
cades (and how these saccades might depend on the visual
stimulus properties). Postinhibition saccades reflect reprog-
rammed movements after the inhibition (3, 30, 52), and they
dependon frontal cortical activity (27, 53, 54); wewere, instead,
interested in the immediate impact on eye movements as
revealed by L50. Nonetheless, for every experiment, we did plot
example saccade rate curves that included the postinhibition
movements aswell, for completeness (e.g., Fig. 1C).

Table A1 in the APPENDIX provides descriptive statistics of
L50 and R50 in all experiments and all animals, as well as

estimates of baseline saccade rates in each animal and the
total number of trials analyzed per condition. To obtain esti-
mates of 95% confidence intervals for each measure of L50

and R50 in Table A1, we used bootstrapping. Briefly, if a con-
dition had N trials, we randomly selected N trials (with
replacement) in a given bootstrap, and we calculated L50 and
R50. We then repeated this process 1,000 times. The 95% con-
fidence intervals were the intervals encompassing the range
between the 2.5th and 97.5th percentiles of all of the 1,000
bootstrapped means. The obtained confidence intervals are
also listed in Table A1.

When documenting the potential influence of a visual fea-
ture (e.g., contrast) on saccadic inhibition time (L50), we also
obtained the L50 measure for each condition and plotted it
against the condition value (e.g., L50 vs. contrast). For the
size tuning, spatial frequency, and contrast manipulations,
we often noticed that L50 (and sometimes R50) changed (ei-
ther increased or decreased) with increasing stimulus size,
spatial frequency, or contrast in an approximately logarith-
mic manner (see RESULTS). Thus, we obtained a fit to a func-
tion of the form L50 ¼ a � log10(x) þ b, where x is the
parameter being varied in an experiment (e.g., stimulus size
or contrast) and a and b are the parameter fits. We include
the fits in all relevant figures in RESULTS, with indications of
r2 values. We also used a similar approach for R50 plots, for
completeness.

Similarly, when checking the dependence of saccadic in-
hibition on motion direction, we noticed that both L50 and
prestimulus saccade directions exhibited clear directional
anisotropies (see RESULTS). To quantitatively analyze these
anisotropies and relate them to each other, we first normal-
ized the dynamic range of either L50 or prestimulus saccade
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Figure 1. Relating saccadic inhibition to stimulus properties. A: example normalized saccade rate plot from 1 monkey and 1 condition. We were primarily
interested in the time of saccadic inhibition, which we estimated via the L50 parameter described in the text; briefly, L50 indicates the time at which sac-
cade rate dropped from baseline by half of the magnitude of its maximal drop caused by stimulus onset (Lmax). We also report R50, which is the raw sac-
cade rate at the time of L50. B: example relationship between L50, saccadic inhibition, and stimulus properties from 1 animal and 1 experiment. The image
shows all saccades occurring around stimulus onset that monkey F generated during experiment 1 (size tuning). Each row represents a single trial’s
data, and each tick mark in a given row represents a saccade onset time within the given trial. The trials were grouped according to the size of the
appearing stimulus (indicated by the color coding and associated key on right), and the vertical green lines indicate L50 estimates for each condition. As
can be seen, L50 robustly indicated the timing of saccadic inhibition, which also clearly depended on stimulus appearance. Note that the large apparent
density of tick marks per shown color is due to the fact that a large number of trials (�1,000) was collected per condition and not due to an unrealistically
large saccade rate. C: example raw saccade rate from 1 monkey (monkey A) and 2 conditions of experiment 1 (note that the blue curve shows the raw
version of the same normalized data in A). Error bars denote 95% confidence intervals, obtained based on the population of available single-trial rate
estimates. The x- and y-axis drop lines indicate the L50 and R50 values for each condition, respectively. As can be seen, saccadic inhibition timing
reflected the change in stimulus property (in this case, size), also consistent with B in a second monkey. Figure 2 shows the full parametrization of size
tuning of saccadic inhibition in all 3 monkeys.
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count variations in any given direction. For example, if L50

was highest for upward motions and lowest for rightward
motions, then we replotted L50 but now in the range from 0
to 1, with 1 being the normalized L50 value for upward
motions and 0 being the normalized L50 value for rightward
motions. We used a similar procedure when counting presti-
mulus saccades in any given direction; for example, if presti-
mulus saccades were most likely upward and least likely
rightward, then we normalized saccade counts per direction
bin such that the count in the upward bin was 1 and the
count in the rightward bin was 0. We then fit each parameter
(L50 or prestimulus saccade count in any given direction) to
a sinusoidal function of the form y(h) ¼ a·cos(b·h þ c) þ d,
where h is the angular direction (of the motion patch for the
L50 fit or of prestimulus saccades for the prestimulus saccade
count fit) and a, b, c, and d are model fit parameters. We
then compared how similar the frequency parameter (b) was
for both L50 and prestimulus saccades. For the L50 fits, we
binned h into 8 directions, since this is what the experimen-
tal design gave us; for the prestimulus saccade fits, we
binned prestimulus saccades into 16 equally spaced angular
bins to give us a more robust visualization of the sinusoidal
angular dependencies (see RESULTS).

RESULTS
We characterized the timing of saccadic inhibition (L50;

MATERIALS AND METHODS) as a function of visual stimulus
properties across a series of feature manipulations in three
different animals (Fig. 1). Weweremotivated by the hypothe-
sis that saccadic inhibition reflects the impact of short-la-
tency stimulus-driven visual bursts on final oculomotor
pathways (3). If so, then feature changes that are expected to
alter visual responses (somewhere in the brain that is rele-
vant for the inhibition) should also alter the time of saccadic
inhibition. For example, in Fig. 1C, two different stimulus
sizes from experiment 1 resulted in two different timings of
saccadic inhibition in an example monkey. Therefore, we
adopted a descriptive approach in this study, documenting
our observations on saccadic inhibition in multiple feature
dimensions.

Our efforts across all experiments described below moti-
vate a search (in macaque monkeys) for neural loci in the
final oculomotor control circuitry, possibly in the brain stem,
that would exhibit stimulus-driven visual bursts of neural ac-
tivitymatching the feature tuning properties of saccadic inhi-
bition that we document below. This would mean that early
sensory areas (such as retina, lateral geniculate nucleus, and
primary visual cortex) relay rapid visual signals to visually
sensitive oculomotor areas, which might in turn reformat
(33) these signals for specific use by the eye movement sys-
tem, and for mediating the actual saccadic inhibition.

In the results below, besides saccadic inhibition timing
(L50), we also documented our measures of R50 (MATERIALS

AND METHODS) because they roughly corresponded with the
L50 modulations. Briefly, R50 describes the raw saccade rate
at the L50 time. However, as stated above, we believe that the
L50 modulations are the more meaningful ones, in general,
since inhibition can be an all-or-none phenomenon in mon-
keys, especially for suprathreshold stimuli; this renders R50

closer to a floor effect for most stimulus features.

As also stated above, we additionally did not explicitly an-
alyze postinhibition saccades (besides plotting saccade rate
curves to include their time ranges). This was so because
such postinhibition saccades reflect later processes (possibly
also cognitively driven) (24, 55) that are needed to resume
active oculomotor behavior after stimulus-driven interrup-
tion (also see the results of experiment 5 below). Indeed,
prior work has shown that these postinhibition saccades
may be governed by underlying neural processes different
from those generating the more reflexive phenomenon of
saccadic inhibition (27, 30, 52–54).

Larger Stimuli Cause Earlier Saccadic Inhibition

In our first experiment, we briefly presented a black circle
centered on the fixation spot (MATERIALS AND METHODS).
Across trials, the circle could have one of eight different
radii, ranging from 0.09� (approximately the size of the fixa-
tion spot) to 9.12� (approximately filling the whole display).
We found that saccadic inhibition times roughly monotoni-
cally decreased with increasing stimulus size, as demon-
strated in Fig. 2. This figure is organized as follows. For each
animal (Fig. 2A for monkey A, Fig. 2D for monkey F, and Fig.
2G formonkey M), we first show the saccade rate modulation
time courses as computed in Fig. 1,A and C. Here, each curve
represents a different stimulus size that was presented. As
can be seen, saccadic inhibition started earlier for larger
onset sizes, and the dependence on size was roughly loga-
rithmic. Specifically, Fig. 2, B, E, and H, show measures of
L50 (our estimate of saccadic inhibition time; Fig. 1 and
MATERIALS AND METHODS) as a function of stimulus radius,
using a logarithmic x-axis. In all three animals, the data
roughly followed a straight line of negative slope (goodness
of fits to a logarithmic curve are indicated in the respective
figure panels). Thus, with a flash as little as 1–2� in radius, sac-
cadic inhibition was already stronger than for even smaller
visual transients, and the effect eventually approached a pla-
teau with even larger stimuli.

The results for R50 (the actual raw saccade rates at the
time of L50; MATERIALS AND METHODS) mimicked the above
observations of L50, as can be seen from Fig. 2, C, F, and I.
This is consistent with human observations (7, 8). Note, how-
ever, that L50 may be the more sensitive measure of stimu-
lus-dependent changes in saccadic inhibition since saccade
rate drops to almost zero (i.e., hits a floor effect) for most
stimulus sizes (e.g., Fig. 2, A, D, and G). This is why our pri-
mary focus in this article, in general, was to document the
L50 effects.

Thus, in rhesus macaque monkeys, saccadic inhibition
shows a clear dependence on visual transient size, providing
a clear homolog of human results with saccades in a different
context (7, 8). This motivates the use of macaque monkeys to
study the neurophysiological mechanisms underlying sacca-
dic inhibition.

High Spatial Frequencies Are Associated with Delayed
Saccadic Inhibition

We next turned our attention, in a second experiment, to
the influences of spatial frequency on saccadic inhibition in
rhesus macaque monkeys. Here, the monkeys fixated a cen-
tral fixation spot while we presented a vertical sine wave
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grating of variable spatial frequency across trials. The grating
stayed on the display until the monkeys were rewarded 300
ms later, and in some cases it filled the whole display
(MATERIALS AND METHODS). Figure 3A shows the saccade rate

curves of monkey A in this experiment. The monkey’s sacca-
dic inhibition was systematically delayed with increasing
spatial frequency of the appearing stimuli. This dependence
was again roughly logarithmic, as can be seen from Fig. 3B
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Figure 2. Earlier saccadic inhibition with larger stimuli
(experiment 1).A: raw saccade rate curves relative to stimulus
onset (as in Fig. 1) from monkey A in our size tuning experi-
ment. Each colored curve corresponds to a stimulus radius
as per the color-coded key. Larger stimuli were associated
with earlier and stronger saccadic inhibition. B: a measure of
saccadic inhibition time (L50) as a function of stimulus radius
(MATERIALS AND METHODS). Saccadic inhibition started earlier
with larger stimuli, and the effect followed a roughly logarith-
mic relationship: the black line describes the fit to a logarith-
mic function (MATERIALS AND METHODS) with the r2 value
shown.C: similar toBbut for ameasure of saccadic inhibition
strength (R50; MATERIALS AND METHODS). Again, there was a
stronger inhibition with larger stimulus sizes. D–F: similar
observations frommonkey F. G–I: similar observations from
monkeyM.
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and the associated logarithmic function fit (MATERIALS AND

METHODS). L50 in this animal was �55 ms for 0.5 cpd gra-
tings, but it was almost 85 ms for 8 cpd gratings. In this
monkey, R50 did not systematically change as a function of
spatial frequency (Fig. 3C). This is likely because the mon-
key’s prestimulus saccade rate was time varying (continu-
ously decreasing) as a result of the animal gradually
reducing its baseline saccade rate in anticipation of trial
end; this time-varying baseline added variability to our R50

measures.
In the secondmonkey thatwe testedwith this task (monkey

F), very similar observations were made for L50: the time of
saccadic inhibition increased with increasing spatial fre-
quency (Fig. 3,D and E). Since thismonkey’s baseline (presti-
mulus) saccade rate was more constant than in monkey A,
andalso since themonkey’sminimumsaccade rateduring in-
hibition was markedly different from the baseline rate (Fig.
3D), the R50 measure also showed an increasing dependence
on spatial frequency like for L50. Since R50 reflects the
dynamic range of saccadic inhibition strength (MATERIALS AND

METHODS), this means that in addition to being later saccadic

inhibition was also weaker with higher spatial frequencies
(minimumsaccade rate during inhibitionwashigher).

Thus, saccadic inhibition in rhesus macaque monkeys
shows a low-pass spatial frequency tuning characteristic. It
is interesting that visual processing in the oculomotor sys-
tem also exhibits low-pass spatial frequency tuning proper-
ties (56, 57). This might suggest that as signals proceed from
the retina and through the early visual system, the relevant
visual response characteristics that might ultimately shape
the feature tuning properties of saccadic inhibition can be
different from the characteristics of early visual areas like
primary visual cortex (which exhibits more band-pass spatial
frequency tuning).

Earlier Saccadic Inhibition with Higher Contrasts

Since previous human experiments demonstrated a de-
pendence of saccadic inhibition on stimulus contrast (10–
12), our next set of manipulations focused on this visual fea-
ture. The first such manipulation involved the onset of a
full-screen flash of variable contrast across trials. The flash
was of negative luminance polarity (darker than the
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Figure 3. Earlier saccadic inhibition with lower-spatial fre-
quency stimuli (experiment 2). A: raw saccade rate curves
from monkey A in the spatial frequency tuning experiment.
Each curve now reflects saccade rate modulations for a
stimulus onset of a given spatial frequency (indicated by the
color-coded key). There was earlier and stronger saccadic
inhibition for the low-spatial frequency stimulus onsets. B:
inhibition time (L50) as a function of spatial frequency. This
figure is formatted similarly to Fig. 2, B, E, and H. Inhibition
time increased with a roughly logarithmic dependence as a
function of increasing spatial frequency; the black line
describes the best-fitting logarithmic function equation
(same as in Fig. 2) to the data (MATERIALS AND METHODS).C: in-
hibition magnitude as assessed with R50 for the same data.
Here, there was no clear relationship between R50 and spa-
tial frequency (see text).D–F: similar analyses for monkey F.
In this case, not only L50 but also R50 increased with stimu-
lus spatial frequency.
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background), and it occurred at a random time during fixa-
tion (MATERIALS AND METHODS). In all three monkeys tested
with this task, saccadic inhibition clearly occurred earlier for
higher contrasts than for lower ones (Fig. 4, A, D, and G).
Moreover, the time of L50 was again approximately logarith-
mically related to contrast level (Fig. 4, B, E, and H). Thus,
consistent with humans, rhesus macaque monkeys show a
dependence of saccadic inhibition timing on stimulus con-
trast. Our measures of R50 also behaved similarly to L50 (Fig.
4, C, F, and I), suggesting a larger drop in saccade likelihood
at the time of peak saccadic inhibition for high-contrast
stimuli.

Wenext ran another experiment inwhich stimulus contrast
was again manipulated. However, in this case, the stimulus
onset consisted of a small disk of radius 0.51� (34). This disk
appeared on the display and remained on for a few hundred
milliseconds, but it was to be ignored by the monkeys. The
location of the disk varied from session to session, especially
because the data from this experiment came from a previous
neurophysiological study in which we were also recording
superior colliculus visual neural activity (34). Here, we ana-
lyzed the negative luminance polarity conditions from that
study (to behaviorallymatch themwith the experiment of Fig.
4 using dark contrasts). As can be seen from Fig. 5, even with
small, localized stimuli L50 still decreased with increasing
stimuluscontrast, consistentwith the results of Fig. 4.

The R50 effects were noisier in Fig. 5, only showing a more
convincing negative trend for monkey A. This could be
because the saccadic inhibition effect was overall weaker in
this experiment than in the experiment of Fig. 4. For exam-
ple, at 100% contrast, the minimum saccade rate inmonkeys
A, F, and M was 0.15, 0, and 0.33 saccades/s, respectively, in
Fig. 4; it was 1.4 and 1.47 saccades/s in monkeys A and M,
respectively, in Fig. 5. Thus, in Fig. 5 the minimum saccade
rate that was reached during peak saccadic inhibition was
higher than that in Fig. 4, an observation that is at least par-
tially due to the smaller stimulus sizes (Figs. 1 and 2). That
being said, stimulus size alone was not the full explanation
for the difference. In fact, a similar stimulus size presented
in the fovea (that is, aligned with the goal locations of the
saccades; Fig. 2) caused stronger peak inhibition than in Fig.
5 with peripheral stimulus presentations. This suggests that
stimulus onset locations relative to either the fovea or the in-
stantaneous goal of saccades can modulate the strength of
saccadic inhibition. In any case, the difference in saccadic
inhibition strength across the experiments of Figs. 4 and 5
led us to next ask what happens if the stimulus onset was to
be foveated as opposed to being completely ignored.

Stronger Saccadic Inhibition When Appearing Stimuli
Are Targets for Foveation

The results of Figs. 4 and 5 demonstrate that saccadic inhi-
bition depends on stimulus contrast in general but that an
ignored small stimulus away from the oculomotor targets of
the ongoing saccadic activity may be associated with gener-
ally weaker peak inhibition than a larger visual transient
spanning the retinotopic target locations of the ensuing sac-
cades (since the transient covered the fixation spot). That is,
at the time of peak saccadic inhibition, there was still a
higher likelihood of saccade occurrence with the ignored

eccentric stimulus (Fig. 5) than with a large visual transient
covering the perifovea (where our small saccades were tar-
geted in our gaze fixation tasks) (Fig. 4). However, if the
eccentric stimulus is now to be foveated, then the interrup-
tion by the visual onset (3) should eventually lead to a foveat-
ing eye movement toward the stimulus. In this case,
postinhibition saccades are much more cognitively con-
trolled; they are targeted eye movements toward the appear-
ing stimuli. We found that in this case saccadic inhibition
became all or none. Specifically, we repeated the same
experiment of Fig. 5, but now requiring the monkeys to
foveate the appearing stimulus. As stated in MATERIALS AND

METHODS, this experiment had stimulus conditions and tim-
ings similar to experiment 4, except that the fixation spot
was removed simultaneously with eccentric target onset.

Saccadic inhibition as caused by a visual onset in this new
foveating eye movement experiment generally followed a
timeline similar to saccadic inhibition when the appearing
stimulus was completely ignored in the previous experi-
ment. For example, Fig. 6, A, C, and E, show the saccade rate
curves around stimulus onset from the 100% contrast condi-
tion in the two cases. The black rate curves replicate the
100% contrast data from Fig. 5, and they are included in Fig.
6 only up to the peak inhibition time. The blue rate curves
instead show saccade rate when the task was to foveate the
appearing target after the stimulus-driven saccadic inhibi-
tion had begun. In this case, we plotted the rate curves until
the time of the foveating saccade that had the lowest reac-
tion time from stimulus onset. Note also that monkey F only
performed the foveating saccade version of the task, so we
did not show any black curve in this monkey’s panel. As can
be seen, in all three animals, when the goal was to foveate
the appearing eccentric stimulus, saccadic inhibition was an
all-or-none phenomenon (that is, saccade rate dropped to 0).
Although it is true that the baseline (prestimulus) saccade
rate was different in the two tasks, peak saccadic inhibition
in Fig. 5 never caused zero saccade rates during the inhibi-
tion period, even at high contrast (the black curves in Fig. 6
are truncated at the minimum saccade rate and were always
well above 0). Consistent with this, across all contrasts, the
R50 measure in all three animals was lower than the same
measure from the very similar task of Fig. 5. This comparison
between the two tasks is rendered easier in Fig. 6, B, D, and
F, plotting R50 from the data of Fig. 5 in the same panels as
R50 from this additional experiment (again, monkey F was
not tested in the fixation version of the task, so only the cur-
rent experiment’s results are shown; also, monkey M was not
tested with all contrasts in this experiment, so only the
tested data points are shown). R50 was lower in the current
experiment than in the previous one.

Therefore, saccadic inhibition can have generally similar
time courses depending on the subsequent postinhibition
oculomotor behavior (Fig. 6, A, C, and E), but the peak inhi-
bition strongly depends on such behavior. Naturally, in this
version of the task the fixation spot was also extinguished at
the same time as when the eccentric stimulus appeared.
Since the active oculomotor behavior was generally aimed at
the fixation spot (19, 29, 30), it could be that we obtained
stronger saccadic inhibition in this case because there was a
double visual transient (a peripheral target onset as well as a
simultaneous foveal target offset). Nonetheless, these data
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touch on an interesting question about how multiple differ-
ent orienting behaviors can be coordinated around the time
of stimulus onsets, and they can inform neurophysiological
studies of both saccade generation and fixationmaintenance

in the face of asynchronous external inputs (3). This idea also
extends to expected direction modulations in microsaccades
after stimulus onsets (4, 58). Indeed, it is interesting to note
that we previously found similar microsaccade direction
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Figure 4. Earlier saccadic inhibition with higher contrasts
of large stimuli (experiment 3). A–C: analyses similar to
those in Figs. 2 and 3, but now relating saccadic inhibition
in monkey A to the contrast of a full-screen flash appear-
ing. Both saccadic inhibition time (L50) and strength (R50)
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monkey M. Note that A, D, and G show raw (not normal-
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modulations after a peripheral stimulus onset when the
stimulus was to be either foveated or not (Ref. 30, e.g., see
their Fig. 4).

Dependence of Saccadic Inhibition on Motion Direction
and Image Orientation

In our next experiment, the stimulus onset consisted of a
drifting grating possessing one of eight possible motion
directions and one of two possible temporal frequencies. We
first analyzed the influence of motion direction on saccadic
inhibition, by pooling across temporal frequencies. Figure
7A shows example saccade rate curves around the time of
the onset of the drifting gratings. Figure 7A, top, shows sac-
cade rate from monkey A when the grating was drifting
upward, and Fig. 7A, middle, shows saccade rate when the
grating was drifting leftward. Figure 7A, bottom, describes
saccade rate with downward drifting gratings (data for the
rightward motion direction are summarized below and in
Fig. 7B). In all cases, the location of the stimulus was the
same; only the motion direction of the gratings was different
across panels. Saccadic inhibition occurred earlier for the
leftward motion direction than for both vertical motion

directions (vertical: colored lines indicate L50 for each case).
Figure 7,D and G, show similar observations across the other
twomonkeys.

Interestingly, when we tested all motion directions in
each animal (Fig. 7, B, E and H), we found slightly variable
dependencies of the time of saccadic inhibition on motion
direction in each individual. Specifically, although it was
generally true that horizontal motion directions were associ-
ated with earlier L50 times than vertical ones (Fig. 7, A, D and
G), each monkey showed a specific set of additional motion
directions with particularly long L50 times relative to the
others. In monkey A, this was the case for upward-leftward
motion directions; in monkey F, this was the case for
upward-rightward motion directions; and in monkey M, this
was the case for upward or downwardmotion directions.

We next considered a potential correlate of such individ-
ual monkey idiosyncrasy. Specifically, we analyzed the
direction distribution of microsaccades in each monkey dur-
ing baseline fixation, before any stimulus appeared. To do
this, we picked an interval before stimulus onset (final 100
ms before the onset event occurred) across all motion direc-
tions. We then plotted the angular distribution of saccade
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Figure 5. Earlier saccadic inhibition with higher contrasts of
small, localized stimuli away from the oculomotor goals of
ongoing saccades (experiment 4). A–C: analyses similar to
Fig. 4. but now with the stimulus being a small disk (radius
0.51�) appearing somewhere on the display away from
where the ongoing saccades were being generated.
Saccadic inhibition time (L50) still decreased with increasing
contrast. The rate effect (R50) was less clear as in Fig. 4,
likely because the stimulus onset was actively ignored (also
see Fig. 6 for additional evidence). D–F: similar observa-
tions from monkey M. Here, the rate effect was even
weaker than in monkey A (also see Fig. 6). Again, A and D
show raw rather than normalized saccade rates.
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directions in this baseline interval. The saccade direction
distributions of all three animals are shown in Fig. 7, C, F,
and I. As can be seen, the dependence of L50 in each animal
was correlated with the animal’s intrinsic saccade direction
distribution during baseline intervals. For example, monkey
A tended to make more up-left oblique saccades, whereas
monkey F tended to make more up-right oblique move-
ments. In both cases, L50 was longer in a corresponding
direction for the respective animal. Similarly, monkey M
made more frequent vertical saccades than horizontal sac-
cades (Fig. 7I), and this again was correlated with longer L50

times for vertical motion directions.
To better quantify this potential relationship between L50

modulations for the different motion directions and presti-
mulus baseline saccade direction anisotropies, we plotted
L50 values (after normalization) as a function of stimulus
motion direction for each monkey (green in Fig. 8). Given
the results of Fig. 7, this resulted in a sinusoidal relationship
between L50 and motion direction in each animal (as also

evidenced by the fitted sinusoidal curves; MATERIALS AND

METHODS). We then plotted, on the same graphs (red in Fig.
8), the likelihood of prestimulus baseline saccades as a func-
tion of all possible saccade directions that could occur (again
after normalizing the saccade direction distributions; see
MATERIALS AND METHODS for details). In each monkey, it was
interesting to see that both the frequency and the phase of
the fitted sinusoids were similar whether we were character-
izing the L50 direction dependencies or the prestimulus sac-
cade direction anisotropies. This similarity was also evident
in the underlying raw data themselves (dots with connecting
lines in Fig. 8). Thus, there was a relationship between the
L50 modulations as a function of motion direction and the
underlying prestimulus baseline saccade direction idiosyn-
crasies of each animal. We also, naturally, confirmed that
the prestimulus saccade direction anisotropies in Fig. 8 were
still present in other tasks not involving moving stimuli
(such as the size tuning task above).

These observations might suggest that each monkey expe-
riences more frequent retinotopic motion directions during
self-movement because of the intrinsic biases in saccade
directions. It could, therefore, be that saccadic inhibition is
easier for the more frequently experienced retinal motion
directions. This would be interesting to investigate in more
detail in the future.

It is also interesting that horizontal motions were gener-
ally easier to inhibit (shorter L50 times) than vertical
motions. This could reflect stronger visual signals for hori-
zontal motion directions, and it could fit with a relatively
large literature showing how vision in the horizontal cardi-
nal dimensionmight be better than vision in the vertical car-
dinal dimension (59–61). That being said, an additional
contributing factor to the results of Figs. 7 and 8 could be the
grating orientation itself. That is, horizontal motions in Fig.
7 involved presenting a vertical drifting grating, and vertical
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Figure 6. Stronger saccadic inhibition when the appearing stimuli were to
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A. The blue curve shows the raw saccade rate curve for the same stimulus
and monkey, but now when the stimulus was to be subsequently foveated
with a targeting eye movement (experiment 5). The black curve is trun-
cated at the point of maximum saccadic inhibition, and the blue curve is
truncated at the time of the shortest-latency foveating saccade. Saccadic
inhibition started at approximately the same time in both cases (the black
curve had a time-varying prestimulus saccade rate in this monkey, as we
also saw in Fig. 3A; this monkey tended to perform fixation tasks by gradu-
ally decreasing saccade rate in anticipation of stimulus onset and trial
end). However, saccadic inhibition was all or none when a subsequent
foveating saccade was made. B: consistent with this, across all tested con-
trasts in both experiments, saccadic inhibition strength (R50) was lower in
the foveated target condition. Note that the data for the condition without
foveating saccades shown here is the same as that in Fig. 5C (included
here for easier comparison to the other curve). C and D: similar analyses
for monkey F. This monkey did not perform the experiment of Fig. 5, but
the data from the current experiment still show all-or-none saccadic inhibi-
tion, consistent withmonkey A. This monkey would have also shown con-
sistent results in Fig. 5 with the other 2 monkeys. For example, like the
other 2 monkeys, this monkey’s prestimulus saccade rate in the current
experiment was lower than in experiments not requiring a foveating sac-
cade (e.g., compare to Figs. 3 and 4). E and F: similar analyses formonkey
M. Here, both variants of the task were collected, and the same results as
with monkey A can be seen. That is, inhibition time was similar in both
task variants; however, when the appearing target was later foveated, sac-
cadic inhibition magnitude was much stronger (smaller R50).
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motions involved presenting a horizontal drifting grating.
Given that, for example, upward versus downward motion
directions gave rise to similar L50 times in general, it could
be that the driving factor for the observed L50 times was the

shared grating orientation between these two conditions.
Thus, our final experiment in this study involved presenting
static oriented gratings. Consistent with the results in Figs. 7
and 8, we found that vertical static gratings were indeed
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associated with earlier saccadic inhibition than horizontal
gratings in both monkeys that we tested in this experiment
(Fig. 9). Thus, both motion direction (compare rightward vs.
leftward motions in Fig. 7, B, E, and H, giving rise to slightly
different L50 times) and orientation (compare horizontal vs.
vertical static gratings in Fig. 9) influence the timing of sac-
cadic inhibition.

Dependence of Saccadic Inhibition on Motion Speed

Finally, we pooled across all motion directions from Fig. 7
to check whether there was an impact of motion speed on
saccadic inhibition. We had two motion speeds in the drift-
ing gratings, characterized by two different temporal fre-
quencies. We found that saccadic inhibition timing in all
three monkeys generally did not strongly depend on motion
speed (Fig. 10; colored L50 lines). However, faster speeds
caused a deeper and longer-lasting minimum of saccade rate
than slower speeds in all three animals (Fig. 10). Thus, recov-
ery from saccadic inhibition was harder for the faster motion
speeds in all threemonkeys.

DISCUSSION
We characterized the properties of saccadic inhibition

in rhesus macaque monkeys as a function of different vis-
ual feature dimensions. We found that saccadic inhibition
in these animals systematically depends on stimulus size,
spatial frequency, contrast, orientation, and motion direc-
tion. We also found that if appearing stimuli are subse-
quently foveated as opposed to being ignored, saccadic
inhibition is stronger and becomes much more like an all-
or-none phenomenon. On the other hand, relatively small
eccentric “distractors” that are ignored have significantly
milder inhibitory effects on saccade generation.

Some of the feature dimensions that we tested, like stimu-
lus contrast, were also tested previously in humans and with
microsaccades (10–12). The similarity of our findings inmon-
keys to those observations in humans reinforces our belief
that macaque monkeys are a suitable model system for
exploring the neural mechanisms of saccadic inhibition. In
fact, recent transcranial magnetic stimulation (TMS) studies
of the human homolog of the monkey frontal eye fields also
affirm the utility of monkeys for investigating neural mecha-
nisms of phenomena related to microsaccadic inhibition (53,
54). Specifically, these TMS studies disrupted postinhibition
saccades with disruption of frontal eye field activity, consist-
ent with the predictions from reversible inactivation of the
frontal eye fields of macaque monkeys (27). This homology
between the two species is exactly why we performed the
present experiments. These experiments provide, in our

view, a reference frame with which we hope to inform our
upcoming neurophysiological studies of saccadic inhibition
in the near future.

We think that we are likely to see future neurophysiologi-
cal experiments revealing an important role for oculomotor
control circuits in the midbrain and brain stem in mediating
saccadic inhibition. Indeed, visual responses in the superior
colliculus already hint that such responses in oculomotor
control circuitry can matter a great deal for saccade genera-
tion. For example, collicular visual responses occur earlier
for low- rather than high-spatial frequency stimuli, and this
mimics the patterns of saccadic reaction times in visually
guided saccade paradigms (56). Similarly, express saccades
(saccades with reaction times less than�90–100ms) seem to
be triggered by direct readout of the spatial locus of superior
colliculus visual bursts (occurring within 50–100 ms from
stimulus onset) (62). Thus, in the case of express saccades,
visual sensory responses do indeed have a direct impact on
saccade generation. Likewise, we think that visual responses
in the oculomotor control network should have a direct
impact on saccadic inhibition, again because of the very
short latency with which inhibition is achieved. In this case,
we might predict (3, 21) that such an impact of visual
responses should be inhibitory (rather than excitatory as in
the case of the superior colliculus and express saccades).
Such an inhibitory effect could arise if omnipause neurons
in the brain stem (63–65) exhibited visual pattern responses
to stimulus onsets of different feature properties, and if these
responses were consistent with the feature tunings that we
discovered in the present study.

The above thoughts lead to the idea that the scene analysis
that takes place by oculomotor control circuits in the brain,
via the sensitivity of these circuits to visual inputs, is a refor-
matted representation of the scene. That is, it may not be
needed for the superior colliculus and other oculomotor con-
trol circuits to just inherit the visual properties of the primary
visual cortex or other cortical areas, even if the signals eventu-
ally come from these cortical areas. Rather, the representation
is reformatted for something useful for the oculomotor system
(33). This is not unlike evidence that the superior colliculus
seems to favor the upper visual field (66, 67) when ventral
stream visual cortical areas might favor the lower visual field
(68). Thus, the oculomotor system “sees” a filtered representa-
tion of the visual scene that is not necessarily the same as
what cortical areas for scene analysis and interpretationmight
“see,” and this is still the case even if it is the signals in the
early cortical visual areas (like primary visual cortex) that are
ultimately relayed to the oculomotor control network.

If that is indeed the case, then one question that might
arise in relation to our results in the present article could be,

Figure 7. Later saccadic inhibition for vertical motion directions (experiment 6). A: raw saccade rate curves of monkey A from 3 example motion direc-
tions in experiment 6. Each curve is truncated vertically and horizontally to focus on the saccadic inhibition phase. The vertical colored lines indicate sac-
cadic inhibition time (L50) for their respective saccade rate curves. As can be seen, saccadic inhibition occurred earlier for leftward motion directions
than for both upward and downward motion directions. B: values of L50 in this experiment and animal for all tested motion directions. Horizontal motions
generally had shorter L50 values than vertical directions. Up-left motion directions also had the longest L50 values. C: we plotted the angular distribution
of saccade directions during a prestimulus baseline interval and noticed that the biases in B could be correlated with those in the current panel. For
example, the monkey made more saccades in the upward and leftward direction, and up-left motions were associated with delayed saccadic inhibition.
D–F: similar observations in monkey F. Again, horizontal motion directions were associated with smaller L50 values than vertical motion directions.
Moreover, in this case, L50 was additionally longer in the up-right than in the up-left motion direction (E), and this was correlated with the monkey’s intrin-
sic bias to make more baseline saccades toward the upper right direction (F). G–I: similar observations inmonkey M. Again, horizontal motion directions
were consistently associated with earlier saccadic inhibition times than vertical motion directions.
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Why would the oculomotor system need stronger and earlier
saccadic inhibition for low spatial frequencies? One possibil-
ity is that low-spatial frequency stimuli are quite salient, and
excitatory structures like the superior colliculus already favor
these stimuli (56). Thus, because any spike in the superior
colliculus can have an excitatory impact on the oculomotor
system (62, 69), the inhibitory system that balances coordina-
tion with exogenous stimuli (3) would need to be equally
potent for low-spatial frequency stimuli. A similar kind of
logic also applies for stimulus contrast and size. Thus, we
anticipate that circuits driving saccadic inhibition should
have similar feature tuning preferences to circuits, such as
the superior colliculus, that drive saccade generation.

We also find the motion direction effects on saccadic inhi-
bition particularly intriguing. In all three animals, we found

earlier saccadic inhibition, as evidenced by smaller L50

values, for horizontal than vertical motion directions.
Although this observation is at least partially explained by
grating orientation itself (Fig. 9), it remains interesting
from the perspective of visual field asymmetries and ocu-
lomotor behavior, including in short-term memory (59,
70). In RESULTS, we also framed this anisotropy as poten-
tially being related to the baseline anisotropies of saccade
generation in the individual animals (Fig. 8). However,
these explanations may not necessarily be mutually
exclusive. For example, it could be that individual saccade
directions are more or less likely in one animal exactly
because of the animal’s specific instantiation of visual
field anisotropies in neural circuits. Indeed, given that
saccades during fixation of a target (as in our experiments)
primarily correct eye position errors even in explicit cuing
tasks (30), the biased distributions of saccades in individ-
ual animals might reflect biased distributions of drift eye
movements in the animals. Such drift eye movements,
and the related saccades that intersperse them, continu-
ally expose the visual system to specific patterns of retinal
image motion. They could thus either reflect or shape
individual visual representational anisotropies in a given
animal. It would be interesting in the future to relate sac-
cadic inhibition properties to explicit experimentally con-
trolled retinal image drifts.

RMS error = 0.15
RMS error = 0.16

RMS error = 0.23
RMS error = 0.25

A

B

C

RMS error = 0.17
RMS error = 0.13

L 5
0 

or
 p

re
-s

tim
ul

us
 

sa
cc

ad
e 

co
un

t 
(n

or
m

al
iz

ed
)

L 5
0 

or
 p

re
-s

tim
ul

us
 

sa
cc

ad
e 

co
un

t 
(n

or
m

al
iz

ed
)

L 5
0 

or
 p

re
-s

tim
ul

us
 

sa
cc

ad
e 

co
un

t 
(n

or
m

al
iz

ed
)

0

0.5

1

0

0.5

1

Motion direction or 
pre-stimulus 

saccade direction

M
onkey A

M
onkey F

M
onkey M

f = 2.60 cycles/radian

f = 2.07 cycles/radian

f = 2.10 cycles/radian

f = 2.36 cycles/radian

f = 2.67 cycles/radian

f = 2.15 cycles/radian

0

0.5

1

Figure 8. Similar directional anisotropies between saccadic inhibition and
prestimulus baseline saccades (experiment 6). A: the green data points
with connecting lines show saccadic inhibition time (L50) measures from
monkey A as a function of motion direction (these are the same data as in
Fig. 7B with the only difference being that we normalized the dynamic
range of the measurements to the interval between 0 and 1). The faint
green continuous curve shows the best-fitting sinusoidal function to the
same data [MATERIALS AND METHODS; root mean square (RMS) error values
of the fit are shown]. The red data points with connecting lines show the
likelihood of prestimulus baseline saccades of a given direction, and the
faint red continuous curve is the best-fitting sinusoid. As can be seen,
both the frequency and phase of the modulations with direction were simi-
lar for both the L50 and prestimulus baseline saccade data, consistent with
the observations of Fig. 7. B: similar results for monkey F. C: similar results
formonkey M.

0

1

2

-100 0 200
Time from stimulus 

onset (ms)
Grating orientation

S
ac

ca
de

 ra
te

 
(p

er
 s

)

A B

L 50
 (m

s)

Stimulus 
onset

DC

M
onkey A

M
onkey ML 50

 (m
s)

90

50

70

HorizontalVertical

Grating orientation
HorizontalVertical-100 0 200

Time from stimulus 
onset (ms)

0

1

2

3

Stimulus 
onset

S
ac

ca
de

 ra
te

 
(p

er
 s

)

100

Horizontal
Vertical

Horizontal
Vertical

4

30

50

70

90

L50

L50

100

Figure 9. Later saccadic inhibition for horizontal gratings (experiment 7).
A: raw saccade rate curves of monkey A from the 2 grating orientations
tested in experiment 7. Each curve is truncated horizontally to focus on
the saccadic inhibition phase. The vertical colored lines indicate saccadic
inhibition time (L50) for their respective saccade rate curves. As can be
seen, saccadic inhibition occurred earlier for the vertical orientation than
for the horizontal orientation. B: values of L50 in this experiment and ani-
mal for the 2 orientations. C and D: similar observations formonkey M.

SACCADIC INHIBITION IN MONKEYS

1296 J Neurophysiol � doi:10.1152/jn.00289.2023 � www.jn.org
Downloaded from journals.physiology.org/journal/jn at UB Tuebingen (134.002.118.242) on November 9, 2023.

http://www.jn.org


The above ideas fit well with the notion that the oculomo-
tor system might implement its own “saliency model” based
on features in the environment (71–75). Such a model might
emphasize what is relevant for looking behavior per se (by
eye movements), which might, in turn, be qualitatively dif-
ferent from what is needed for perceptual processing (33,
68). In that regard, it would be interesting in the future to
consider how other features, such as color, might be relevant
for saccadic inhibition.

In our stimulus contrast experiments, we also investi-
gated the case in which a small stimulus was more like a
distractor, or whether it became behaviorally relevant by
requiring its foveation after saccadic inhibition was com-
pleted. We found that saccade rate dropped down to zero
in the latter case. This makes functional sense. Every sac-
cade is a bottleneck, and no other saccade can be gener-
ated at the same time. Therefore, for the target to be
foveated saccade rate had to drop to zero. However, post-
inhibition saccades in the distractor case are also a bottle-
neck (because only 1 eye movement can be made at a
time), and it is interesting to contemplate why saccadic
inhibition was weaker in this case. One possibility is that
there were two simultaneous sensory transients in the
foveating condition: in addition to the stimulus onset,
the fixation spot was removed at the same time to instruct
the animals about the behavioral relevance of the appear-
ing stimulus (and that it should be foveated). Therefore,
it could be that there was a larger sensory drive for the in-
hibitory circuits. Interestingly, this larger sensory drive
included input from both central (fixation spot removal)
and peripheral (stimulus onset) visual representations.
Given that our central presentation experiments, such as
in Figs. 2–4, generally had significantly stronger sacca-
dic inhibition effects than the peripheral experiments of
Fig. 5, this suggests that saccadic inhibition strength
could be sensitive to whether stimulus onsets occur in
the fovea or not.

It would also be interesting in the future to study addi-
tional top-down impacts (like those potentially revealed by
Fig. 5) on saccadic inhibition, but from a neurophysiological
perspective. Such a perspective would exploit the use of
monkeys as a model system for the phenomenon. For exam-
ple, a variety of behavioral evidence in both humans and
monkeys has shown interactions between saccade genera-
tion and saccadic inhibition, with pro- versus antisaccade
instructions also significantly affecting microsaccade rates
before and around stimulus onsets (5, 76–79). This likely
serves a good function. For example, microsaccades near
stimulus onset introduce a significant cost to perception and
saccadic reaction times (5, 57, 80, 81). Therefore, if a task
requires quick orienting responses, it makes sense to reduce
prestimulus microsaccade rate (3) as we saw in Fig. 6. Other
evidence of top-down influences on saccadic inhibition also
includes modulations in inhibition strength by attention in
instructed tasks (82) as well as by the type of text being read
by subjects (51).

In terms of spatial context, the spatial alignment
between stimulus onset and saccade goal location addi-
tionally matters in behavioral experiments with large sac-
cades. Specifically, a task-irrelevant stimulus presented at
the saccade goal location causes stronger saccadic inhibi-
tion (for large saccades) than the same stimulus presented
remotely (8). These observations point toward an interac-
tion between both temporal and spatial factors mediating
coordination of external sensory events with internal
movement programs (3, 69). Such factors can also easily
apply to the case of microsaccades, which exhibit similar
direction modulations with and without subsequent ori-
enting responses (30).

Finally, several of our experiments included large stimu-
lus onsets (e.g., full-screen flashes). We recently found that
such onsets are associated with a stimulus-driven tiny drift
of eye position (much smaller than microsaccades) (46).
Such a drift response seems to also be stimulus driven.
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However, the detailed feature tuning properties of this
response, like in the case of saccadic inhibition, are still not
fully explored. Given that the drift response seems to be
coordinated with the time of saccadic inhibition, our goal in
the near future is to document the feature tuning properties
of the drift response in more detail, like we did here for sac-
cadic inhibition. In this way, we would have a rich behavioral
characterization of oculomotor phenomena related to the coor-
dination between internal active perceptual state and asyn-
chronous exogenous stimuli. Such characterization should
open the door for interesting new insights about the underly-
ing brainmechanisms of active perception and cognition.

APPENDIX

In this appendix, we include descriptive statistics of all sac-
cadic inhibition measures that we obtained from all experi-
ments and all animals individually. We also include measures
of baseline saccade rate in the different experiments, as well as
the total number of analyzed trials per experimental condition.
The main numbers in Table A1 reflect the plotted results in all
figures of this study, and Table A1 also includes estimates of
95% confidence intervals (within parentheses) obtained via
1,000 bootstraps (MATERIALS ANDMETHODS).
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Raw data will be made available upon request.
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Table A1. Numerical measurements included in this study

Animal

Baseline Saccade Rate (95%

confidence interval), saccades/s Condition

L50 (95% confidence

interval), ms

R50 (95% confidence

interval), saccades/s

Number of

Trials

Experiment 1: Size tuning
A 2.00 (1.90, 2.17) 0.09� 54 (47, 63) 1.43 (1.26, 1.63) 1,371

0.18� 60 (45, 66) 1.27 (1.09, 1.49) 1,344
0.36� 56 (51, 62) 1.08 (0.92, 1.21) 1,388
0.72� 55 (43, 60) 1.10 (0.10, 1.25) 1,402
1.14� 47 (40, 53) 1.25 (1.15, 1.45) 1,341

2.28� 48 (38, 57) 1.14 (1.07, 1.23) 1,447
4.56� 49 (43, 57) 1.04 (0.87, 1.17) 1,369
9.12� 50 (44, 55) 1.02 (0.89, 1.07) 1,394

F 3.49 (3.35, 3.64) 0.09� 75 (67, 80) 2.17 (2.06, 2.41) 1,033
0.18� 65 (62, 71) 1.98 (1.76, 2.11) 999
0.36� 55 (50, 60) 1.96 (1.78, 2.04) 1,017
0.72� 61 (59, 65) 1.77 (1.68, 1.91) 1,044
1.14� 55 (51, 58) 1.76 (1.56, 1.95) 1,093

2.28� 49 (42, 50) 1.81 (1.69, 1.94) 1,089
4.56� 45 (43, 47) 1.90 (1.76, 1.97) 1,003
9.12� 43 (38, 44) 1.83 (1.74, 1.97) 1,068

M 1.90 (1.74, 2.06) 0.09� 76 (66, 99) 1.21 (0.99, 1.24) 628
0.18� 59 (32, 68) 1.08 (0.92, 1,60) 655
0.36� 54 (45, 61) 0.94 (0.78, 1.09) 661
0.72� 42 (29, 47) 1.01 (0.91, 1.12) 710
1.14� 40 (31, 46) 0.86 (0.72, 0.98) 713

2.28� 50 (41, 57) 0.91 (0.81, 1.06) 660
4.56� 44 (36, 51) 1.01 (0.89, 1.08) 664
9.12� 39 (25, 48) 0.93 (0.80, 1.40) 632

Experiment 2: Spatial frequency
A 2.62 (2.42, 2.83) 0.5 cpd 55 (41, 67) 1.93 (1.51, 2.15) 483

1 cpd 56 (42, 69) 1.66 (1.33, 1.89) 484
2 cpd 64 (49, 74) 1.80 (1.45, 2.08) 484
4 cpd 68 (39, 91) 2.05 (1.59, 2.26) 487
8 cpd 83 (63, 95) 1.75 (1.46, 2.05) 484

F 3.60 (3.36, 3.85) 0.5 cpd 61 (48, 66) 1.84 (1.61, 2.26) 385
1 cpd 62 (53, 70) 2.14 (1.87, 2.42) 389
2 cpd 58 (39, 71) 2.45 (2.05, 2.82) 380
4 cpd 81 (56, 89) 2.32 (2.06, 2.75) 385
8 cpd 75 (62, 88) 2.46 (1.98, 2.71) 383

Continued

SACCADIC INHIBITION IN MONKEYS

1298 J Neurophysiol � doi:10.1152/jn.00289.2023 � www.jn.org
Downloaded from journals.physiology.org/journal/jn at UB Tuebingen (134.002.118.242) on November 9, 2023.

http://www.jn.org


Table A1.— Continued

Animal

Baseline Saccade Rate (95%

confidence interval), saccades/s Condition

L50 (95% confidence

interval), ms

R50 (95% confidence

interval), saccades/s

Number of

Trials

Experiment 3: Contrast (full screen)
A 2.34 (2.22, 2.46) 5% 75 (65, 86) 1.62 (1.39, 1.76) 1,315

10% 68 (61, 77) 1.49 (1.27, 1.63) 1,308
20% 52 (43, 62) 1.51 (1.26, 1.61) 1,315
40% 58 (50, 66) 1.30 (1.13, 1.44) 1,321
80% 54 (45, 60) 1.31 (1.12, 1.45) 1,321

F 3.58 (3.40, 3.75) 5% 69 (58, 75) 2.20 (1.92, 2.44) 767
10% 49 (37, 58) 2.15 (1.84, 2.38) 771
20% 52 (45, 59) 2.11 (1.90, 2.30) 766
40% 53 (47, 59) 1.93 (1.69, 2.16) 776
80% 43 (36, 50) 1.84 (1.62, 2.03) 760

M 1.94 (1.8, 2.09) 5% 57 (46, 104) 1.37 (1.15, 1.55) 785
10% 69 (55, 99) 1.23 (0.96, 1.53) 789
20% 51 (34, 61) 1.21 (1.00, 1.39) 790
40% 43 (30, 63) 1.25 (0.93, 1.38) 785
80% 41 (32, 49) 1.14 (0.95, 1.28) 788

Experiment 4: Contrast (small stimulus)
A 2.15 (1.98, 2.32) 5% 60 (44, 102) 1.64 (1.32, 1.87) 627

10% 80 (54, 90) 1.24 (1.03, 1.52) 623
20% 63 (47, 77) 1.44 (1.16, 1.61) 622
50% 57 (43, 68) 1.17 (0.95, 1.35) 626
100% 42 (28, 58) 1.40 (1.06 1.57) 623

M 2.21 (2.10, 2.33) 5% 91 (71, 111) 1.49 (1.32, 1.66) 1,689
10% 62 (41, 78) 1.33 (1.20, 1.50) 1,689
20% 49 (32, 65) 1.54 (1.34, 1.65) 1,682
50% 44 (29, 58) 1.49 (1.32, 1.60) 1,677
100% 49 (39, 59) 1.47 (1.32, 1.61) 1,692

Experiment 5: Contrast (foveating saccade)
A 1.29 (1.14, 1.44) 10% 60 (43, 70) 0.60 (0.48, 0.88) 498

20% 60 (40, 70) 0.64 (0.50, 0.87) 439
50% 53 (35, 67) 0.72 (0.57, 0.91) 495
100% 38 (20, 54) 0.64 (0.47, 0.83) 497

F 2.40 (2.25, 2.55) 5% 71 (62, 78) 1.39 (1.19 1.55) 915
10% 72 (63, 78) 1.15 (1.00, 1.32) 878
50% 59 (52, 66) 1.32 (1.17, 1.48) 888
100% 58 (49, 66) 1.13 (0.97, 1.37) 883

M 1.51 (1.38, 1.64) 5% 66 (44, 69) 1.15 (0.43, 1.92) 52
10% 61 (51, 68) 0.79 (0.64, 0.93) 805
50% 56 (49, 65) 0.88 (0.70, 1.01) 808
100% 62 (54, 69) 0.82 (0.61, 0.93) 806

Experiment 6: Motion direction (pooled across temporal frequencies)
A 2.78 (2.57, 2.98) Up 63 (48, 80) 2.00 (1.58, 2.26) 479

Up-right 52 (37, 73) 1.57 (1.18, 1.80) 479
Right 61 (52, 73) 1.81 (1.45, 2.03) 486
Down-right 31 (19, 53) 2.24 (1.74, 2.37) 482
Down 68 (49, 79) 1.64 (1.33, 1.92) 480
Down-left 50 (37, 63) 1.66 (1.36, 1.91) 484
Left 41 (21, 59) 2.09 (1.71, 2.36) 479
Up-left 70 (56, 84) 1.80 (1.42, 2.04) 486

F 4.37 (3.96, 4.77) Up 79 (52, 100) 1.64 (1.37, 2.48) 157
Up-right 67 (44, 77) 2.23 (1.70, 2.82) 154
Right 64 (48, 76) 2.48 (1.75, 2.82) 150
Down-right 58 (44, 70) 2.11 (1.58, 2.56) 154
Down 67 (51, 80) 2.01 (1.45, 2.60) 148
Down-left 57 (32, 77) 2.40 (1.88, 2.88) 153
Left 52 (33, 69) 2.70 (1.90, 2.98) 151
Up-left 53 (29, 67) 2.24 (1.78, 2.90) 151

M 2.0 (1.84, 2.15) Up 64 (44, 73) 0.92 (0.78, 1.16) 737
Up-right 46 (25, 58) 0.98 (0.81, 1.19) 732
Right 37 (26, 50) 0.99 (0.73, 1.12) 745
Down-right 42 (25, 56) 0.97 (0.78, 1.11) 745
Down 56 (40, 68) 1.07 (0.84, 1.25) 752
Down-left 42 (30, 54) 0.95 (0.75, 1.14) 753
Left 43 (33, 54) 1.01 (0.81, 1.20) 756
Up-left 52 (39, 59) 1.03 (0.86, 1.24) 741
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