
Abstract Perception of image displacement is sup-
pressed during saccadic eye movements. We probed the
source of saccadic suppression of displacement by test-
ing whether it selectively affects chromatic- or lumi-
nance-based motion information. Human subjects
viewed a stimulus in which chromatic and luminance
cues provided conflicting information about displace-
ment direction. Apparent motion occurred during either
fixation or a 19.5° saccade. Subjects detected motion and
discriminated displacement direction in each trial. They
reported motion in over 90% of fixation trials and over
70% of saccade trials. During fixation, the probability of
perceiving the direction carried by chromatic cues de-
creased as luminance contrast increased. During sac-
cades, subjects tended to perceive the direction indicated
by luminance cues when luminance contrast was high.
However, when luminance contrast was low, subjects
showed no preference for the chromatic- or luminance-
based direction. Thus magnocellular channels are sup-
pressed, while stimulation of parvocellular channels is
below threshold, so that neither channel drives motion
perception during saccades. These results confirm that
magnocellular inhibition is the source of saccadic sup-
pression.
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Introduction

During a saccadic eye movement, the visual world ap-
pears stable despite significant retinal image motion.
This phenomenon, known as “space constancy,” is an
active process that breaks down in abnormal sensory en-
vironments such as viewing a single point in darkness or
viewing a target in a flickering field (Macknik et al.
1991). Current theories postulate that saccadic suppres-
sion plays a central role in space constancy (Bridgeman
et al. 1994). During a saccade, the retinal image slews
across the retina so quickly that faithful transduction is
impossible, and saccadic suppression prevents this 
distorted visual information from reaching perception.
Saccadic suppression depresses sensitivity to light flash-
es (Volkmann 1962; MacKay 1970b; Mitrani et al.
1970a; Brooks and Fuchs 1975), contrast (Volkmann et
al. 1978; Burr et al. 1994), and image displacement
(Bridgeman et al. 1975; Stark et al. 1976; Bridgeman
and Stark 1979).

Stimulus and saccade parameters can affect the mag-
nitude of saccadic suppression. Suppression depends on
saccade amplitude and velocity (Mitrani et al. 1970b;
Bridgeman et al. 1975; Stark et al. 1976), displacement
or flash timing relative to saccade onset (MacKay 1970b;
Mitrani et al. 1970a; Bridgeman et al. 1975; Brooks and
Fuchs 1975; Lee and Malpeli 1998; Diamond et al.
2000), target eccentricity (MacKay 1970b; Osaka 1987;
Bridgeman and Fisher 1990; Li and Matin 1997), and
stimulus characteristics such as contrast and spatial fre-
quency (Burr et al. 1994).

It is unclear whether extraretinal or visual factors
trigger saccadic suppression. Much evidence suggests
that extraretinal signals, such as afferent proprioceptive
signals from the extraocular muscles or corollary dis-
charge from saccade generating brain regions, play a
role in saccadic suppression (Sperry 1950; Duffy and
Burchfiel 1975; Diamond et al. 2000). Saccadic sup-
pression appears to be an active process involving the
visual pathways. Paus et al. (1995) used positron emis-
sion tomography to demonstrate increased regional ce-
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rebral blood flow (rCBF) in the frontal eye fields, supe-
rior colliculus, and cerebellar vermis during horizontal
saccades made in darkness (Paus et al. 1995). rCBF in
these regions, which are involved in saccade control, in-
creased as the number of saccades per unit time in-
creased. On the other hand, rCBF decreased as the num-
ber of saccades increased in visual or spatial areas V1,
V2, and parietal cortex, suggesting to Paus et al. (1995)
that saccades actively inhibit activity in these areas.
Along the same lines, Lee and Malpeli (1998) found
that electrical activity in the neurons of the cat’s lateral
geniculate nucleus was suppressed before and during
saccades.

Visual effects such as masking can account for some
of the saccadic suppression effect. However, there is an
additional suppression that is specific to saccades, for
simulated saccades generate less perceptual suppression
than true saccades (MacKay 1970a; Bridgeman 1983;
Diamond et al. 2000). Other lines of evidence indicate
that visual perception is not completely suppressed dur-
ing saccades. For example, Castet and Masson (2000) re-
cently demonstrated that saccades can elicit clear motion
percepts for stimuli that move at speeds below detection
threshold during fixation. In addition, human cortical
evoked potentials have been shown to be modulated but
not suppressed in conjunction with visual discrimination
during saccadic eye movements (Anagnostou et al.
2000). A possible explanation for the discrepancy be-
tween this result and others (Paus et al. 1995; Lee and
Malpeli 1998) may be that visual discrimination was 
only slightly affected by saccadic eye movements in
Anagnostou et al.’s experiment; thus, saccadic suppres-
sion was not robust. Finally, Bair and O’Keefe (1998)
demonstrated that retinal image motion induced by sac-
cades increased activity in MT neurons when the motion
was consistent with the neurons’ preferred direction, and
decreased activity when in the neuron’s anti-preferred di-
rection. These results could be taken as evidence that
motion information is not suppressed during saccades,
but the small saccade amplitudes (and, therefore, veloci-
ties) studied (mean of 0.8° with a standard deviation of
0.4°) are not typical of saccadic suppression experi-
ments. Such fixational saccades have a smaller effect on
visual processing than larger saccades. Furthermore, al-
though this study suggests that early visual areas do not
prevent motion signals from reaching MT during sac-
cades, it did not assess visual perception during sac-
cades. In any case, visual processing appears to be selec-
tively rather than completely suppressed during sac-
cades.

Recent studies suggest that saccadic suppression se-
lectively depresses sensitivity in the magnocellular 
visual pathway (Burr et al. 1994; Bridgeman and 
Macknik 1995; Uchikawa and Sato 1995; Burr and
Morrone 1996; Schwartz and Godwin 1996). Cells in
this pathway are highly sensitive to motion, contrast,
and depth, and display high temporal resolution and low
spatial resolution (Schiller et al. 1990; Merigan and
Maunsell 1993). Cells in the parallel parvocellular path-

way, on the other hand, are highly sensitive to color and
form and display low temporal resolution and high spa-
tial resolution. Consistent with selective suppression of
the magnocellular pathway, contrast sensitivity for low
spatial frequency luminance gratings decreases during
saccades while contrast sensitivity for high spatial fre-
quency gratings and isoluminant gratings is unaffected
(Burr et al. 1994). Furthermore, displacement thresh-
olds do not differ between saccades and fixation for
isoluminant displays, which are thought to be processed
by the parvocellular pathway (Bridgeman and Macknik
1995).

The goal of this experiment was to determine the rela-
tive importance of chromatic and luminance cues for di-
rection discrimination during fixation and saccades. Pre-
vious saccadic suppression experiments have considered
either luminance or chromatic information separately,
such as in isoluminant chromatic gratings, achromatic
gratings, or isoluminant displays (e.g., Burr et al. 1994;
Bridgeman and Macknik 1995). These methods do not
allow the contributions of color and luminance to 
perceived direction during saccades to be assessed.
Bridgeman and Macknik (1995) measured saccadic sup-
pression for varying contrasts between the targets and
background, finding that saccadic suppression was
weakest when the targets and background were isolumin-
ant. Unlike Bridgeman and Macknik (1995), we pitted
chroma and luminance against each other so that they
provided conflicting, independent information about dis-
placement direction, and we did not directly ask subjects
to make chromatic or luminance discriminations. This
method allowed us to determine whether one cue type
dominated perceived direction for various luminance
contrasts. During fixation, we expected the direction in-
dicated by luminance cues to be perceived more often as
the luminance contrast increased. We tested whether this
trend held during saccades.

In our method, the subject is unaware of the physical
parameters being manipulated. The subject’s only job is
to report the direction of perceived motion, independent-
ly of how that impression was created. Thus, criterion
and perceptual readiness cannot vary with the dominance
of one cue or the other.

Materials and methods

Subjects

Two female and three male observers participated, averaging
28 years of age. Subjects had 20–20 or corrected vision, and nor-
mal color vision according to the D15 test. They gave their in-
formed consent to participate in the study. They were informed
that their identities would remain confidential, and that we would
only refer to them by initials in any presented or published work.
The University of California, Santa Cruz’s Investigational Review
Board approved the study, which was therefore performed in ac-
cordance with the ethical standards laid down in the 1964 Declara-
tion of Helsinki.
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Apparatus

A VGA graphics board was used to present stimuli on an IBM
8513 monitor with a 70-Hz refresh rate. The graphics board pro-
vided 320×200-pixel resolution and 6-bit color resolution. Sub-
jects indicated motion detection and direction discrimination re-
sponses via the computer’s keyboard. A Dr. Bouis oculometer de-
tected eye position by tracking the pupil with an infrared photo-
electric sensor. The computer recorded output from the eyetracker.
Head movements were restricted by a forehead and chin rest, and
all measurements were monocular in a dark room.

Visual stimuli

The spatial arrangement of the visual stimuli was designed to pro-
duce ambiguous apparent motion (Gorea and Papathomas 1989;
Papathomas et al. 1991). At time 1, two 0.5°×0.5° square targets
with centers separated by 0.7° appeared in the center of the moni-
tor (Fig. 1). At time 2, 14.29 ms later, these starting targets were
replaced by a single 0.5°×0.5° square target at the same vertical
coordinates as the two starting targets, but centered horizontally
between them, creating an ambiguous displacement direction.
Chromatic and luminance cues provided conflicting directional in-
formation as follows. At time 1, the starting targets differed in col-
or and luminance. Each target was either red or green and either
bright or dim, with three possible luminance contrasts between the
dim and bright targets. At time 2, the ending target matched the lu-
minance of one starting target and the color of the other (Fig. 1),
creating conflicting color and luminance cues for direction. We
expected the tendency to perceive the chromatic direction to in-
crease as luminance contrast decreased.

For all three luminance contrasts, the bright and dim red lumi-
nances were identical for all subjects. For each subject, the bright
green and dim green luminances were matched to the bright red
and dim red luminances, respectively, using heterochromatic flick-
er photometry at 11.6 Hz (Table 1). For each luminance contrast,
targets were presented on a background with a luminance equal to
the average of the bright and dim red and green targets. The back-
ground comprised equal contributions of the red and green guns,
averaging 15.8 cd/m2 across subjects.

Design

During each block of 80–90 trials, one luminance contrast and one
eye movement condition (saccade or fixation) were presented. For
each contrast, there were eight trial types, reflecting all possible
combinations of starting (two targets) and ending (one target) lumi-
nance and color configurations. Each trial type was presented 10
times for each combination of luminance contrast and eye move-
ment condition. During saccade conditions there were an additional
ten trials for each of four starting configurations in which no mo-
tion occurred (i.e., the two targets were extinguished at time 2).
Within each block of trials, selection of trial type was pseudo-ran-
domized with the limitation that no trial type could be presented for
the (N+1)th time until all trial types had been presented N times.

Eye movement conditions

The two starting targets appeared at the onset of each trial. During
fixation trials, the subject fixated on a small white point centered
between the two starting targets. Following 500 ms of fixation, the
fixation point and the two starting targets were replaced by the
ending target, signaling apparent motion. This displacement oc-
curred within 14.29 ms. The ending target was visible for 89.7 ms,
calculated by Bridgeman’s method (Bridgeman 1998), and the
subject maintained fixation for 500 ms following the displace-
ment. The brief target duration prevented the subject from deter-
mining direction by deliberately memorizing chromatic and lumi-
nance information.

During saccade trials, the subject fixated for 500 ms on a small
white cross at the far left of the monitor and then made a 19.5°
saccade (approximately 500°/s) to a small white cross at the far
right of the monitor (Fig. 2). Both crosses disappeared at saccade
onset, and the apparent motion occurred 10 ms following saccade
onset. The ending target disappeared after 89.7 ms and the subject
fixated at the right-hand location for 500 ms.

Following apparent motion, the question “Did you see move-
ment?” appeared on the monitor, and the subject responded with a
key press indicating “yes” or “no.” If the response was “yes,” a
second question appeared: “In which direction?”, followed by a
second key press response. The subject could also discard the trial
for any reason, and discarded trials were randomly presented
again. Trials were repeated if the eye overshot or undershot the
right-hand cross, if saccade velocity was slow, or if fixation was
not maintained for 500 ms at the end of the saccade. Subjects were
not asked whether luminance or chromatic information informed
their decisions, and they were not informed of these sources of di-
rection information.
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Table 1 Luminance values (cd/m2) and isochromatic luminance
contrasts for the three luminance contrast conditions. For each
contrast condition, the bright and dim red (R) were held constant
for each subject, and heterochromatic flicker photometry was used

to find the isoluminant bright and dim green (G). The mean (stan-
dard deviation) for all subjects is given for green luminance values
and contrasts. Luminance contrast was defined as (Lmax–Lmin)/
(Lmax+Lmin)

Fig. 1 Spatiotemporal depiction of conflicting directions of appar-
ent motion (R red, G green, dense stippling dim, sparse stippling
bright). Two starting targets appear at time 1. At time 2, the two
starting targets are replaced by one ending target centered horizon-
tally between them. In the figure, color (red) cues indicate right-
ward displacement while luminance (dim) cues indicate leftward
displacement

Contrast condition Bright R (cd/m2) Dim R (cd/m2) R contrast Bright G (cd/m2) Dim G (cd/m2) G contrast

High 33.00 3.52 0.81 17.88 (1.09) 3.80 (1.69) 0.66 (0.12)
Medium 30.20 13.60 0.38 16.84 (2.48) 8.43 (2.48) 0.34 (0.07)
Low 27.00 17.00 0.23 14.51 (2.57) 12.28 (1.06) 0.15 (0.05)



Data analysis

The proportion of trials in which apparent motion was correctly
detected and the proportion of trials in which the chromatic direc-
tion was perceived were arcsine-square root transformed in order
to meet the analysis of variance (ANOVA) assumption of normal-
ly distributed data (Sokal and Rohlf 1995). Separate ANOVAs
were performed on detection and discrimination data. ANOVAs
treated luminance contrast, eye movement condition, and direction
carried by chromatic cues as within-subjects factors.

Results

Motion detection

Both eye movement condition, F(1,19)=93.63, P<0.001,
and luminance contrast, F(2,38)=6.55, P=0.004, affected
the probability of detecting motion. Subjects were less
likely to detect motion during saccades than during fixa-
tion, replicating saccadic suppression of displacement
(Fig. 3; Bridgeman et al. 1975). However, motion detec-
tion accuracy remained above chance level during sac-
cades (mean=71.33% correct). The probability of detect-
ing motion increased as the contrast increased (Fig. 4).
The lack of interaction between luminance contrast and
eye movement condition (P>0.05) indicated that lumi-
nance contrast affected detection similarly during sac-
cades and fixation. 

Direction discrimination

The interaction between luminance contrast and eye
movement condition, F(2,38)=4.95, P=0.012, shows that

luminance contrast had a less consistent effect on per-
ceived direction during saccades than during fixation
(Fig. 5). During fixation, the probability of perceiving
the direction signaled by chromatic cues steadily de-
creased as luminance contrast increased. This result indi-
cates that luminance cues for motion dominated when lu-
minance contrast was high, and chromatic cues for mo-
tion dominated when luminance contrast was low, as ex-
pected.

During saccades, subjects showed a preference for
perceiving the direction indicated by luminance cues
when luminance contrast was high, similar to fixation
(Fig. 5). However, when luminance contrast was medium
or low, subjects did not show a clear preference for ei-
ther cue type. Thus, direction perception was similar
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Fig. 2 Temporal sequence of events during a saccade trial. Nega-
tive values on the y-axis indicate eye positions to the left of central
fixation. The subject makes a 19.5° rightward saccade during the
trial. Apparent motion occurs when saccade onset is detected. De-
tection and discrimination questions appear in sequence following
saccade termination

Fig. 3 Probability of detecting displacement as a function of eye
condition (n=5, P<0.001). In Figs. 3, 4, 5, and 6, error bars depict
the mean square error from ANOVA

Fig. 4 Probability of detecting displacement as a function of lumi-
nance contrast (n=5, P=0.004)



during fixation and saccades when luminance contrast
was high, but direction was more likely to be determined
by chroma during fixation than during saccades at lower
luminance contrasts. Subjects could not consistently
track luminance or chromatic directional cues at lower
contrasts during saccades.

The interaction between chromatic displacement 
direction and eye movement condition, F(1,19)=8.07,
P=0.010, shows that subjects did not have a directional
bias during fixation (Fig. 6). Perceived direction during
fixation simply depended on luminance contrast (Fig. 5).
During saccades, leftward motion, which was opposite
the saccade trajectory, was more likely to be perceived

than rightward motion regardless of which cue carried
that direction information.

Discussion

In this experiment, chromatic and luminance cues pro-
vided conflicting direction information during apparent
motion. The results indicate that luminance contrast af-
fects motion detection similarly during fixation and sac-
cades, but its effect on direction discrimination differs
for fixation and saccades. Subjects were aware of object
motion during saccades about 70% of the time, and mo-
tion detection improved with increasing contrast during
both saccades and fixation. Bridgeman and Macknik
(1995) and Burr et al. (1994) showed that magnocellular
channels are selectively suppressed during saccades,
leaving parvocellular channels relatively unaffected. Our
finding of impaired motion detection during saccades
provides additional evidence that motion information
carried in the magnocellular pathway is suppressed dur-
ing saccades. That detection was not completely sup-
pressed agrees with other demonstrations of incomplete
saccadic suppression (Castet and Masson 2000).

During fixation, we found that subjects tended to per-
ceive the direction indicated by luminance cues when lu-
minance contrast was high (66–81%). The tendency to
perceive the direction signaled by chromatic cues de-
creased with increasing luminance contrast, as expected.
Thus, direction dominance shifted from chromatic to lu-
minance cues as luminance contrast increased. Without
saccadic suppression, magnocellular and parvocellular
channels operate normally.

The use of chromatic and luminance cues differed for
saccade trials. The fact that motion was detected in a
large percentage of saccade trials enhances our ability to
determine whether chromatic or luminance cues deter-
mine perceived direction during saccades. When lumi-
nance contrast was high, the probability that chromatic
cues dominated perceived direction was low (similar to
during fixation), suggesting that the highly contrast sen-
sitive magnocellular pathway was not completely sup-
pressed. On the other hand, at medium and low lumi-
nance contrasts, the probability of chromatic cues deter-
mining perceived direction approached 50%, indicating
that although displacement was often detected, displace-
ment direction was unclear. Neither chromatic informa-
tion carried by the parvocellular pathway nor luminance
information carried by the magnocellular pathway was
reliably used to resolve directional ambiguity at lower
contrasts during saccades.

The fact that perceived direction remained ambiguous
at low contrast during saccades hints at one retinal and
two extraretinal processes. First, parvocellular channels
may have been stimulated below their chromatic contrast
threshold. This retinal effect may have been caused by a
decrease in effective chromatic contrast from the image
rapidly slewing across the retina during saccades. Sec-
ond, attenuation of contrast sensitivity for low spatial
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Fig. 5 Interaction between luminance contrast and eye movement
condition on perceived direction (probability of perceiving direc-
tion indicated by chromatic cues) (n=5, P=0.012)

Fig. 6 Interaction between chromatic displacement direction and
eye movement condition on perceived direction (probability of
perceiving direction indicated by chromatic cues) (n=5, P=0.010)



frequencies during saccades (Burr et al. 1994) prevents
luminance cues from being used for direction discrimi-
nation. In high contrast trials, contrast may have been
too high (0.66–0.81) for performance to be affected by
this attenuation. Third, the weak, ambiguous direction
percept at lower contrasts suggests suppression of mag-
nocellular direction information.

We also found a directional bias during saccades; sub-
jects were highly likely to perceive displacement in the
direction opposite the saccade trajectory. This bias could
not affect our measure of the relative roles of luminance
contrast and chromatic contrast because of the balance of
our design: leftward and rightward chromatic motion
were equally frequent in the trial sequence, as were left-
ward and rightward luminance motion.

There are two possible explanations for the bias for
perceiving leftward motion. It may be due to the pulsa-
tion of the stimulus on the CRT screen. Pulsation causes
the saccadic suppression of displacement function to be-
come asymmetrical in the direction of a breakdown in
space constancy, so that target jumps that are in the di-
rection opposite to the saccade are more easily perceived
than jumps in the saccade direction (Macknik et al.
1991). Thus, right-to-left displacements are detected at a
lower threshold during left-to-right saccades. The direc-
tional bias may also be understood in terms of motion di-
rection signals. The apparent motion display provided
information about motion in both directions (Fig. 1;
Adelson and Bergen 1985). If medium to low contrast
luminance and color cues are suppressed during sac-
cades, the spatial displacement of the targets in the stim-
ulus display should generate equally strong leftward and
rightward motion signals. It is possible that the leftward
motion signals generated by the right-hand target aug-
ment the leftward motion signals generated by the visual
image sweeping across the retina during a rightward sac-
cade. This leftward directional signal could dominate
suppressed luminance and chromatic cues, causing sub-
jects to perceive leftward motion, while the rightward di-
rection signals generated by the left target become lost in
noise. Regardless of its cause, the directional bias sug-
gests that perceived direction might have been more in-
fluenced by saccade direction than by the source of mo-
tion information, confirming the idea that motion infor-
mation is suppressed during saccades.

The differential effects of saccadic suppression on
chromatic and luminance cues suggest that saccadic sup-
pression is an active, selective process. It is not just a
temporary blindness, but an inhibition of some visual ca-
pacities while others remain unaffected. Nature is being
economical by inhibiting only what must be inhibited.
The pattern of inhibitions should help us to determine
what the visual system stands to gain from saccadic sup-
pression, and in turn may provide insight into the mecha-
nisms of space constancy.
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