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Saccadic Interception of a Moving Visual Target after a
Spatiotemporal Perturbation
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Animals can make saccadic eye movements to intercept a moving object at the right place and time. Such interceptive saccades indicate
that, despite variable sensorimotor delays, the brain is able to estimate the current spatiotemporal (hic et nunc) coordinates of a target at
saccade end. The present work further tests the robustness of this estimate in the monkey when a change in eye position and a delay are
experimentally added before the onset of the saccade and in the absence of visual feedback. These perturbations are induced by brief
microstimulation in the deep superior colliculus (dSC). When the microstimulation moves the eyes in the direction opposite to the target
motion, a correction saccade brings gaze back on the target path or very near. When it moves the eye in the same direction, the
performance is more variable and depends on the stimulated sites. Saccades fall ahead of the target with an error that increases when the
stimulation is applied more caudally in the dSC. The numerous cases of compensation indicate that the brain is able to maintain an
accurate and robust estimate of the location of the moving target. The inaccuracies observed when stimulating the dSC that encodes the
visual field traversed by the target indicate that dSC microstimulation can interfere with signals encoding the target motion path. The
results are discussed within the framework of the dual-drive and the remapping hypotheses.

Introduction
Animals can generate movements to intercept the trajectory of a
moving visual object and capture it at the right place and time.
This performance is impressive when one considers the distrib-
uted nature of signals that encode an object in the brain. Indeed,
before the target-evoked retinal activity leads to the recruitment
of appropriate muscles, the diverging projections within the vi-
sual system and the transmissions of signals through multiple
relays with diverse conduction velocities and integration times (Pel-
lionisz and Llinás, 1982; Nowak and Bullier, 1997; Schmolesky et al.,
1998) lead to neural signals that are spatially and temporally distrib-
uted across several brain regions. Yet the common observation that
animals are able to intercept an object at the right place and time
suggests that the brain can somehow estimate its current spatiotem-
poral coordinates (hic et nunc). The build-up of this neural estimate
is also very rapid since saccadic eye movements can bring the image
of a moving target onto the fovea within 150–200 ms (Segraves et al.,
1987; Gellman and Carl, 1991; Guan et al., 2005).

A commonly accepted view considers that interceptive sac-
cades are driven by two signals resulting from the recruitment of

independent processing streams. One signal would encode the
location where the target is initially detected (snapshot) whereas
the other would encode the subsequent target displacement on
the basis of target motion signals (Keller and Johnsen, 1990; Gell-
man and Carl, 1991; Guan et al., 2005; Schreiber et al., 2006).
These two signals would then be summed at the level of premotor
neurons in the pontomedullary reticular formation (PMRF) to
produce the appropriate saccadic motor commands. According
to this hypothesis, an accurate saccade requires integrating target
motion signals from the time of the snapshot to the saccade end, i.e.,
during intervals which can be variable. Indeed, if the interception is
delayed because of a longer saccade latency or duration, the achieve-
ment of accurate saccades implies that the oculomotor system has
been informed of the delay added after the snapshot. Moreover, if
the saccade is initially misdirected (e.g., because of a blink, the pres-
ence of a distracter, or a change in target motion direction), the
change in eye position would also have to be taken into account.

In this study, we tested in the monkey this ability to keep
track of a target moving in the peripheral visual field when a
change in eye position and a delay are unexpectedly added.
More specifically, we tested the accuracy of saccades after a
brief electrical microstimulation is applied in the deep supe-
rior colliculus (dSC) before the saccade onset. The dSC is a
brainstem structure at the interface between the sensory sys-
tems and the saccade premotor centers in the PMRF (Hall and
Moschovakis, 2004; Gandhi and Katnani, 2011). Its micro-
stimulation induces a saccade for which the gaze compensates
when applied before saccades toward a static target (Sparks et
al., 1983). As will be shown below, saccades can also remain
relatively accurate when the microstimulation is applied be-
fore intercepting a moving target.
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Materials and Methods
Subjects and surgical procedures. Two adult male rhesus monkeys
(Macaca mulatta, 11–17 kg) were used for this study. Two surgical pro-
cedures under isoflurane anesthesia and aseptic conditions were per-
formed. First, a titanium head post, used for the immobilization of the
head, was secured to the top front center of the skull using stainless steel
screws and bone cement (Gentafix; Teknimed). For the monitoring of
eye movements with the magnetic field search coil technique, a three-
turn search coil was sutured with silk to the sclera under the conjunctiva
of one eye (Fuchs and Robinson, 1966; Judge et al., 1980). Lead wires
were passed under the skin to a connector located on the top of the skull.
In the second surgical procedure, a craniotomy was performed on the
skull, and a recording chamber was stereotaxically positioned for stimu-
lating the dSC. The chamber was centered on the midline and tilted 38°
backward with respect to the frontal plane. The surgical procedures and
experiments were performed in accordance with the guidelines from the
French Ministry of Agriculture (87/848) and from the European
Community (86/609/EEC). Animal care and maintenance were made
under the auspices of a full-time veterinarian.

Eye movement recording and visual stimula-
tion. Data acquisition, on-line control of the
oculomotor performance, and triggering of
stimuli were controlled by a PC using the
Beethoven software package (Ryklin Software).
Eye movements were measured with a phase
angle detection system (3-feet coil frame; CNC
Engineering). Voltage signals separately en-
coding horizontal and vertical positions of the
eye were sampled at 500 Hz, with a resolution
of 12 bits (6025e; National Instruments). Mon-
keys were seated in a chair, facing a video mon-
itor (P227f; 1280 � 1024 pixels, 100 Hz refresh
rate, 39 � 29 cm; ViewSonic Professional Se-
ries) located at a viewing distance of 49 cm.
Visual stimuli were Gaussian-blurred disks of
0.5° diameter.

Behavioral task. The animals were trained to
perform trials requiring them to orient their
gaze from a central target (located in the
straight-ahead direction) toward a peripheral
one. For each trial, a warning tone preceded the
onset of the central target. The monkey’s task
was to direct its gaze toward it within a sur-
rounding spatial window (2° radius centered
on the target) for a variable interval (750, 1000,
or 1250 ms). Following this fixation interval,
the central target was extinguished and imme-
diately after (no gap), a peripheral target ap-
peared 12° along the vertical meridian
(downward or upward) and moved with a con-
stant velocity of 20°/s (27 experiments: 12 in
monkey A, 15 in monkey M) or 33°/s (7 exper-
iments: 4 in monkey A, 3 in monkey M) in the
horizontal direction (orthogonal to the step),
i.e., leftward or rightward. To avoid the use of
visual signals for guiding the correction during
perturbed trials, the target became invisible
150 ms after its motion onset and for a blank
interval lasting 150 ms in most experiments
(300 ms in 7 experiments: 4 in monkey A, 3 in
monkey M; 20°/s target velocity). After this
blank interval, the moving target reappeared
for 500 ms. All possible combinations of target
position (12° upward or downward) and mo-
tion (leftward or rightward) were applied in
pseudorandom order to avoid anticipatory re-
sponses. Experiments testing the performance
with a target moving at 33°/s or a 300 ms blank
interval were also performed to verify that

monkeys did not adopt the strategy of orienting the gaze toward a fixed
location in the visual display. The monkeys’ task was to generate a sac-
cade toward the target and to pursue it until it reached 16° of eccentricity
(end of trial) within a surrounding spatial window (6° radius centered on
the target). In 50% of the trials, the interceptive saccade was perturbed
before its initiation by an electrical microstimulation in the dSC at the
onset of the blank interval (i.e., 150 ms after the target motion onset). For
both unperturbed (control) and perturbed trials, a fruit juice reward was
delivered to the monkey at the end of the trial. Depending on the exper-
iment, the number of trials collected per target condition (step and
ramp) ranged from 5 to 25, whether perturbed or not.

Electrical microstimulation. Electrical microstimulation was delivered
through a tungsten microelectrode (WE5003; impedance �0.7–1.2 M�,
tapered tip; Microprobe) using a stimulus generator (S48; Grass) and
photoelectric isolation unit (PSIU6; Grass). During the perturbed trials,
electrical microstimulation consisted of trains (duration, 30 – 45 ms; fre-
quency, 400 Hz) of cathodal monopolar pulses (0.2 ms duration). The
current (12–20 �A) was set to twice the threshold that was found to evoke
staircase saccades with a long train (200 ms) during a separate block of

Figure 1. Trajectories and endpoints of control (unperturbed) saccades aimed at a target moving in the periphery. A, B, The
target steps 12° in the upper or lower visual field and moves leftward or rightward at a velocity of 20°/s (experiment A3; A) or 33°/s
(experiment A12; B). One hundred fifty milliseconds after the onset of its motion, the target becomes invisible during a blank
interval of 150 ms (gray bars). The saccade endpoints are represented by filled circles. Each open square indicates the location of the
target at saccade end. C, The relationship between the horizontal (HOR.) target position and the horizontal eye position (absolute
values) at saccade end for each target velocity (circle, 20°/s; square, 33°/s) for trials where the target moves to the left (left column)
or right (right column) after an upward (top row) or downward (bottom row) step (control data from all experiments performed in
monkey A). The number of measured saccades is also indicated (n values).
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stimulation trials. During these trials, the stim-
ulation was applied after extinction of the cen-
tral target and 200 ms before the onset of a
static target located 10° on the horizontal or
vertical meridians (the monkey was rewarded
after fixating this peripheral target). Stimula-
tion was applied only at sites where visuomotor
neurons were identified using a delayed sac-
cade task (Mays and Sparks, 1980), �1.2–2
mm below the surface of the superior collicu-
lus. The vector encoded at the stimulation site
was estimated for 31 of 34 sites using optimal
stimulation parameters (3 times the threshold
for evoking contralateral staircase saccades,
200 ms, 400 Hz).

Data analysis. All data were digitized on-line
and analyzed off-line using MATLAB. The on-
set and offset of the horizontal and vertical sac-
cade components were detected on the basis of
a velocity threshold (30°/s) (for the calculation
of eye velocities, see Fleuriet et al., 2011). The
results of this automatic detection were
checked by inspecting each trial individually
and were adjusted manually when necessary.
To ensure that all measured saccades were only
driven by target signals acquired before the onset of the blank interval, all
saccades that ended after this interval were excluded from analysis (203 of
743 unperturbed saccades and 126 of 684 perturbed saccades were ex-
cluded in monkey A, 271 of 907 unperturbed saccades and 206 of 713
perturbed saccades in monkey M). In addition, perturbed trials in which
the eye movements displayed one single peak velocity were excluded
from analysis because the stimulation-evoked saccade could not be dis-
tinguished from the compensatory one (54 movements, 8 sites).

Two parameters, horizontal and vertical final errors, were calculated
to estimate the precision and accuracy of the horizontal and vertical
components of control and perturbed saccades. The final error was de-
fined as the difference between the eye and target positions at saccade
end. By convention, positive errors correspond to hypermetric saccades
and negative errors to hypometric ones. Following this, each position
value was multiplied by �1 when the target moved leftward. Then, the
change in horizontal (vertical) accuracy was estimated by calculating, for
each target step and ramp directions, the difference between the median
horizontal (vertical) errors of perturbed and unperturbed saccades. A
median error was not calculated when �4 values were available (because
of our exclusion criteria). A nonparametric test (Mann–Whitney test)
was performed to compare (within each experiment and for the same
directions of target step and ramp) the errors between perturbed and
control trials. Finally, the delay that the perturbation added to the time to
foveate the target (hereafter called “added delay”) was also estimated by
calculating the difference between the flight duration (median value) of
perturbed saccades and the median duration of unperturbed saccades.
For each perturbed saccade, the flight duration is defined as the time
interval between the onset of the electrically evoked change in eye posi-
tion and the end of the correction saccade.

Results
Figure 1, A and B, illustrates trajectories of saccades toward a
target moving in the upper or lower visual field. In these control
trials, after the animal had fixated a central target, a second target
appeared on the vertical meridian and moved horizontally to-
ward the left or the right at a constant velocity [20°/s (Fig. A) or
33°/s (Fig. B)]. To illustrate the fact that the visuosaccadic system
can keep track of the position of a moving target in the absence of
visual input (Barborica and Ferrera, 2004; Ferrera and Barborica,
2010) and to avoid the use of visual signals for guiding the cor-
rection during perturbed trials, the target became invisible 150
ms after its motion onset and for a blank interval lasting 150 ms
(Fig. 1A,B, gray bars). The different landing positions between

the graphs in Figure 1, A and B, indicate that the saccades were
not aimed at a fixed location on the visual display. In fact, the
scatter of saccade endpoints during these control trials illustrates
the monkeys’ ability to estimate the current target location on the
basis of retinal signals that were evoked earlier within a very short
time window. This extrapolation is further documented in Figure
1C, where the horizontal eye position is plotted as a function of
the horizontal target position at the time of saccade end (con-
trol data from all experiments in monkey A). The two graphs
clearly show that the gaze lands beyond the last visible position
of the target (3° horizontally when it moves at 20°/s, �5° when
it moves at 33°/s). The horizontal position of most saccade
endpoints falls within �2° of the current horizontal target
position.

Distinction between compensations for an ipsilateral and
contralateral perturbation
Figure 2 shows the eye trajectories observed when a brief electri-
cal microstimulation was applied in the dSC at the onset of the
blank interval. This microstimulation induced a contralateral eye
displacement followed by a correction saccade that oriented
the fovea over locations that were close to the target, whether
it moved at 20°/s (experiment A3; Fig. 2 A) or 33°/s (experi-
ment A12; Fig. 2 B). The fact that the electrical stimulation
delays the interception is better appreciated in the time course
of movements.

Figure 3 shows the changes in horizontal eye position after the
onset of the target motion (same experiments as in Figs. 1A,B, 2).
When the microstimulation moved the eye in the direction op-
posite to the target motion (contralateral perturbation; Fig.
3A,D), the changes in horizontal accuracy are very small (�0.8°)
despite the large changes in horizontal eye position [median �
interquartile range � 5.7 � 1.5 (Fig. 3A) and 7.6 � 1.9° (Fig. D)]
and longer flight durations (92 � 30 and 83 � 10 ms, respec-
tively) induced by the microstimulation. When the microstimu-
lation moved the eye in the same direction as the target motion
(ipsilateral perturbation; Fig. 3B,E), the correction saccades were
slightly less accurate than unperturbed saccades; they often
landed on positions located ahead of the target. Regardless of the
direction of perturbation, correction saccades were generated with

Figure 2. A, B, Trajectories and endpoints of saccades perturbed by a change in eye position induced by electrical microstimu-
lation in the deep superior colliculus (same experiments as in Fig. 1 A, B; A, experiment A3; B, experiment A12). The arrows
illustrate the saccade vector encoded at the stimulated site (same site in A and B; stimulation parameters 200 ms, 400 Hz, 12 �A;
see Materials and Methods). The saccade endpoints are represented by red (the perturbation moves the eye in the direction
ipsilateral to the target motion; Ipsi) and blue (contralateral perturbation; Contra) dots. Each green dot indicates the
location of the target at the end of the correction saccade. The gray bars show the locations where the target was invisible
(blank interval of 150 ms).
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no delay (in-flight corrections) or after a short intersaccadic interval.
Figure 3, C and F, shows for the same experiments how the horizon-
tal and vertical amplitudes of correction saccades relate, on a trial-
by-trial basis, to the horizontal amplitude of ideal compensatory
saccades, i.e., to the horizontal and vertical eccentricity of the target
just before the onset of the correction. The values obtained during
the unperturbed trials are also documented for comparison. During
contralateral perturbations, the horizontal amplitude of correction
saccades ( y) increased with target eccentricity (x) along a slope close
to unity (orthogonal regression: y � 1.1x � 1.2, Bravais–Pearson
correlation coefficient r � 0.79, F � 25.98, p � 0.0001, N � 18 for
saccades toward the 20°/s target; y � 1.2x � 1.2, r � 0.83, F � 74.66,
p � 0.00001, N � 34 for those toward the 33°/s target), suggesting
that a dynamic, on-line updating of target position is performed to
guide the correction saccade. During ipsilateral perturbations, the
situation is slightly different because the correction saccades often
land on positions located ahead of the target; they are not long

enough to orient gaze back on the target location. The horizontal
amplitude of correction saccades is smaller than the amplitude ob-
served during unperturbed trials (Fig. 3C,F). For matched values of
horizontal target eccentricity [mean�SD�4.6�0.7° (Fig. 3C) and
6.7 � 0.4° (Fig. F)], the horizontal amplitude of correction saccades
(3.3 � 1.0°, n � 18 and 3.2 � 1.7°, n � 9, respectively) is smaller than
the horizontal amplitude of unperturbed saccades (4.6 � 1.1°, n �
19 and 8.3 � 0.8°, n � 26, respectively). Note also that the vertical
amplitude of correction saccades matches relatively well with the
vertical target eccentricity (Fig. 3C,F, right graphs).

Figure 4 shows observations made during two other experi-
ments [experiment M4 (Fig. 4A,B); experiment M6 (Fig. 4C,D)]
where the saccade vectors encoded at the stimulated sites had a
vertical component (3.8° and 10.6° upward, respectively) larger
than the horizontal one (1.2° and 4.2° leftward, respectively). In
both experiments, the microstimulation evoked a change in ver-
tical eye position (Fig. 4, blue and red arrows), which was fol-

Figure 3. Time course of horizontal eye movements after target motion onset. Same experiment as in Figures 1, A and B, and 2. A, B, D, E, Green, Target paths; black, control saccades; blue,
saccades perturbed by a change in eye position in a direction contralateral to the target motion (Contra); red, the microstimulation moves the eye in the ipsilateral direction (Ipsi). Gray zones delimit
the blank interval. Values in each plot correspond to the median � interquartile range of horizontal final errors for control (HEc) and perturbed (HEp) saccades (see Materials and Methods). Target
velocities were 20°/s (A–C) and 33°/s (D–F ). Black rectangles represent the stimulation train. C, F, The horizontal and vertical amplitude of correction saccades is plotted as a function of the
horizontal and vertical target eccentricity at the onset of the correction saccade (amplitude of ideal correction saccade). Blue and red dots correspond to correction saccades after a contralateral and
ipsilateral perturbation, respectively. Black dots correspond to unperturbed saccades.

Fleuriet and Goffart • Saccade toward a Moving Target J. Neurosci., January 11, 2012 • 32(2):452– 461 • 455



lowed by a correction saccade toward the
target location. During contralateral per-
turbations (Fig. 4A,C, blue traces), the
changes in horizontal (median values �
�1.3 and 0.2°) and vertical (�1.2° and
�0.3°) accuracy were again very small de-
spite the relatively large sizes of perturba-
tion [median � interquartile range �
0.4 � 0.4° horizontally and 4.5 � 0.6° ver-
tically (Fig. 4A); 0.5 � 2.7° horizontally
and 2.7 � 4.7° vertically (Fig. 4C)] and
longer flight durations (92 � 29 and 92 �
24 ms). During ipsilateral perturbations
(Fig. 4B,D, red traces), the changes in
horizontal (�0.2 and 1.0°, respectively)
and vertical (�1.2 and �1.0°, respec-
tively) accuracy were also very small in
comparison with the sizes of perturbation
[�2.3 � 0.5° horizontally and 6.1 � 0.5°
vertically (Fig. 4B); �6.1 � 1.2° horizon-
tally and 2.7 � 5.6° vertically (Fig. 4D)]
and the longer flight durations (101 � 23
and 93 � 12 ms). Note again that the cor-
rection saccades are made either in-
flight or after an intersaccadic interval.

Figure 5 describes the changes in
horizontal (Fig. 5A) and vertical (Fig.
5B) accuracy when the perturbation is
contralateral (black) or ipsilateral (gray)
to the target motion for all experiments
performed in the two monkeys. In Figure
5A, the cumulative distributions show
that most correction saccades fall short of
the target (negative values) after a con-
tralateral perturbation and ahead of the
target (positive values) after an ipsilateral
one. The changes in horizontal accuracy
are also more variable in the latter case
(range, �1.0 – 6.4°) than in the former
case (range, �3.2– 0.9°, F test, p � 0.05).
When one considers the changes in verti-
cal accuracy (Fig. 5B), no significant dif-
ference was found between the ipsilateral
and contralateral perturbation conditions
(F test, p � 0.05). Because of their differ-
ent effects on the horizontal accuracy of
saccades, we describe separately the per-
formances observed after a contralateral
and ipsilateral perturbation.

Accuracy after a contralateral
perturbation
When the direction of the perturbation was contralateral to the
target motion, the horizontal accuracies of perturbed and un-
perturbed saccades were not significantly different (Mann–Whit-
ney test, p � 0.05) from each other in a large number of
experiments (55%). These first observations illustrate an ability
to keep track of the moving target location, even when its inter-
ception is unexpectedly perturbed. Figure 6A shows the changes
in horizontal accuracy as a function of the delays that the pertur-
bations added to the time to intercept the moving target (added
delay; left graph). If the oculomotor system did not take into
account the motion occurring after the onset of the perturbation,

then the saccades would be expected to fall short of the target with
a horizontal error that increases along a hypothetical slope of
�0.02 (when the target moves at 20°/s) or �0.033 (33°/s). For the
experiments where the 20°/s target velocity was used, the changes
in horizontal accuracy (	h) slightly increased with longer delays
(D) without reaching statistical significance (p � 0.05) (orthog-
onal regression: 	h � �0.011D � 0.3, r � �0.26, F � 3.13, p �
0.08). For the other experiments (33°/s), the correlation was not
statistically significant either (orthogonal regression: 	h �
�0.006D � 0.3, r � �0.11, F � 0. 14, p � 0.72). In both cases, the
hypothetical slopes were situated outside the 95% confidence
intervals of the regression slope, indicating that the motion oc-
curring after the onset of perturbations was partly or completely
taken into account to generate the correction saccades. In fact,

A B

C D

Figure 4. Time course of horizontal and vertical eye position for two other experiments where the stimulated site evokes
saccades with a larger vertical component. A, B, Experiment M4 (20°/s target velocity). C, D, Experiment M6 (33°/s). Green, Target
paths; black, control saccades; blue, saccades perturbed by a contralateral change in eye position (Contra); red, ipsilateral pertur-
bation (Ipsi). Gray zones indicate the blank interval. Values in each plot correspond to the median � interquartile range of
horizontal and vertical final errors for control (HEc and VEc, respectively) and perturbed (HEp and VEp, respectively) saccades. SC,
Superior colliculus.
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the latter land on horizontal positions that are located ahead
(0.8 � 2.0° and 4.3 � 1.9° ahead for the 20 and 33°/s targets,
respectively) of those expected if the target motion after the per-
turbation was not taken into account. On average, the horizontal
accuracy of correction saccades was slightly hypometric compared
with unperturbed saccades (undershoot � �1.0 � 0.8° and �0.7 �
0.8° for the 20 and 33°/s target, respectively). The lack of differ-
ence in horizontal accuracy between the two target velocities
(Kolmogorov–Smirnov test, p � 0.73) was an additional result
that indicated that the target velocity was taken into account. The
hypometria did not depend on the horizontal (Ph; Fig. 6A, mid-
dle) and vertical (Pv; Fig. 6A, right) amplitude of perturbations
(orthogonal regression: 	h � �0.04Ph � 0.6, r � 0.20, F � 2.16,
p � 0.15 and 	h � 0.04Pv � 1.0, r � 0.14, F � 1.03, p � 0.32).
Concerning the vertical component (Fig. 6B), its accuracy was
not significantly different (Mann–Whitney test, p � 0.05) be-
tween perturbed and unperturbed saccades in 56% of experi-
ments. The changes in vertical accuracy (	v) were correlated
neither with the delays added by the perturbations (20°/s: 	v �
�0.004D � 0.9, r � �0.07, F � 0.2, p � 0.66; 33°/s: 	v �
�0.002D � 0.6, r � �0.05, F � 0.03, p � 0.87) nor with the
changes in horizontal eye position (	v � �0.04Ph � 0.8, r �
�0.17, F � 1.65, p � 0.21). A significant correlation is found
between the changes in vertical accuracy and the vertical ampli-
tudes of perturbations (Av � 0.1Pv � 1.5, r � 0.30, F � 5.6, p �
0.02) but the relation is such that larger vertical perturbations are
associated with a smaller vertical dysmetria.

Accuracy after an ipsilateral perturbation
When the direction of the perturbation was ipsilateral to the
target motion, the horizontal accuracy was not significantly dif-
ferent (Mann–Whitney test, p � 0.05) from that of unperturbed
saccades in 43% experiments. Figure 7A shows the changes in
horizontal accuracy as a function of the delays added by the per-
turbations (left), and the horizontal (middle) and vertical (right)
amplitudes of perturbations. A regression analysis suggests larger
errors with shorter delays (Ah � �0.026D 
 2.8, r � �0.38, F �
8.13, p � 0.0064), although such a relationship accounts for only
14% of the variance. The better performance with longer delays
argues against degradation in the estimate of target position dur-
ing perturbed trials. Other orthogonal regression analyses re-

vealed a relationship between the changes
in horizontal accuracy and the horizontal
(Ah � 0.1Ph 
 0.3, r � 0.31, F � 5.49, p �
0.023) and vertical (Ah � 0.2Pv 
 0.2, r �
0.43, F � 11.28, p � 0.001) amplitudes of
perturbations. However, such relations
account for only 10% and 19% of the vari-
ance, respectively. In summary, the
changes in horizontal accuracy cannot be
fully explained by increased delays or by
the amplitudes of perturbations. Con-
cerning the vertical component of sac-
cades (Fig. 7B), its accuracy was not
significantly different (Mann–Whitney
test, p � 0.05) between perturbed and un-
perturbed saccades in 51% of experi-
ments. The changes in vertical accuracy
were neither correlated with the delays
added by the perturbations (Av �
0.011D � 1.7, r � 0.16, F � 1.24, p �
0.27) nor with the horizontal changes in
eye position (Av � �0.018 D � 0.9, r �

�0.06, F � 0.17, p � 0.68). They are correlated with the vertical
amplitudes of perturbations (Av � 0.18Pv � 1.7, r � 0.35, F �
6.87, p � 0.012): larger vertical perturbations are associated with
a smaller vertical dysmetria.

Because we used short stimulation trains (30 – 45 ms), the
same amplitude of eye displacement could be evoked from dif-
ferent sites in the caudal dSC (Stanford et al., 1996). Therefore,
we also analyzed the relationship between the changes in accuracy
and the rostrocaudal sites of stimulation. Interestingly, a signifi-
cant correlation is found between the change in horizontal accu-
racy and the horizontal component (Sh) of saccade vectors
encoded at the stimulated sites (Ah � 0.08Sh 
 0.3, r � 0.38, F �
7.39, p � 0.009; Fig. 8A, left). This relationship accounts for only
14% of the variance. Concerning the vertical component (Sv) of
vectors (Fig. 8A, right), no significant correlation was found that
would suggest an influence on the change in horizontal accuracy
(Ah � �0.02Sv 
 1.1, r � �0.05, F � 0.1, p � 0.75), even though
larger changes in accuracy tended to occur when the stimulation
was applied in sites encoding targets located along the horizontal
meridian (vertical component amplitude �5°). When we ana-
lyzed the changes in vertical accuracy (Fig. 8B), we found a sig-
nificant correlation that suggests an influence of the horizontal
(Av � �0.06Sh � 0.5, r � �0.31, F � 4.55, p � 0.038; Fig. 8B,
left) but not the vertical (Av � �0.003Sv � 1.1, r � 0.01, F �
0.0026, p � 0.96; Fig. 8B, right) component of saccade vectors
encoded at the stimulated sites.

Discussion
The main finding of our study is that the brain is able to
compensate for changes in eye position and delays that are
experimentally added before a target moving in the visual pe-
riphery is foveated by an interceptive saccade. Such ability
suggests the existence of neural mechanisms that continuously
encode the ongoing spatiotemporal coordinates of a moving
target for guiding its saccadic foveation (Fig. 1C) (Barborica
and Ferrera, 2004; Ferrera and Barborica, 2010). A second
finding is that an electrical stimulation in the dSC can interfere
with this spatiotemporal encoding when it is applied in the
colliculus that encodes the visual field traversed by the moving
target. Indeed, inaccuracies are sometimes observed in the
saccade endpoints when the microstimulation is applied more

A B

Figure 5. Changes in horizontal (HOR.) and vertical (VERT.) accuracy. A, Cumulative probability distributions of changes in
horizontal accuracy when the perturbation is contralateral (black) or ipsilateral (gray) to the target motion. B, Cumulative distri-
butions of changes in vertical accuracy.
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caudally in the dSC. Below, we discuss how these findings lead
to reconsider the functional scheme that is commonly pro-
posed to explain how the brain generates saccades toward a
moving target (Optican, 2009).

Previous studies have tested the robustness of gaze saccades
toward a static target and shown that the orienting system
compensates for changes in gaze position induced by a brief
electrical stimulation within oculomotor regions like the dSC
(Schiller and Sandell, 1983; Sparks and Mays, 1983; Pélisson et
al., 1989, 1995; Gandhi and Keller, 1999), the paramedian
pontine reticular formation (Sparks et al., 1987), or the nu-
cleus raphe interpositus (Paré and Guitton, 1998; Gandhi and
Keller, 1999; Gandhi and Sparks, 2007). The numerous exam-
ples of unchanged accuracy between unperturbed and per-
turbed saccades reported in our study (Figs. 3, 4, 6, filled
symbols; 7, filled symbols) extend this robustness to the gen-
eration of saccades toward a moving target. They also suggest
that the brain is able to continuously estimate and keep track
of the location of a moving target until the saccade lands on it.

The scheme commonly used to study saccades made toward a
moving target considers that the interceptive saccades are driven
by signals conveyed by two independent processing streams onto
premotor neurons in the PMRF. The first signal would encode
the location where the target is initially detected (snapshot) and
the second signal would encode its subsequent displacement
on the basis of target motion signals (Keller et al., 1996; Optican,
2009). Yet this dual drive hypothesis raises several problems. The
first concerns the timing of the snapshot and thus the onset of the
hypothetical process that integrates the target motion signals.

The notion of snapshot is indeed far from being obvious when
one considers (1) the divergent projections within the visual sys-
tem, (2) the distributed encoding of target-related signals and
motor commands, (3) the delayed transmissions with diverse
conduction speeds, and (4) the multiple relays with diverse inte-
gration times (Nowak and Bullier, 1997; Schmolesky et al., 1998).
In other words, the anatomo-functional architecture of the visual
system leads to the situation where a visual event, even discrete
(like a single static spot), undergoes a spatiotemporal blurring
(Pellionisz and Llinás, 1982) while the activity it evokes on the
retina propagates toward the motor centers and muscles. In fact,
the snapshot likely corresponds to activities that are spatially and
temporally distributed across several regions in the brain. Under
such conditions, the onset of the complementary process that
integrates target motion signals becomes undefined as well. The
second problem concerns the discrete nature of the target posi-
tion sampling (Barmack, 1970; Fleuriet et al., 2011). A discrete
sampling is indeed questioned by experiments showing that two
saccades made to different goals can be concurrently pro-
grammed, even just before launching a saccade (McPeek and
Keller, 2001; McPeek et al., 2003; Port and Wurtz, 2003). The last
problem concerns the time interval during which target motion
signals are integrated to encode the displacement of the target
after its position is sampled. Indeed, the numerous cases of accu-
rate interception reported here would imply the existence of
mechanisms in the brain that estimate delays that can be pro-
longed in a variable manner to extend the integration interval
until the end of saccades. Moreover, this chronometric control
would have to be maintained even when a pause separates the end

Figure 6. Temporal and spatial perturbations and saccade accuracy when the direction of perturbation is contralateral to the target motion. A, Change in horizontal (HOR.) accuracy as a function
of the delay added by the perturbation (left), and the horizontal (middle) and vertical (right) amplitudes of perturbations (median values). During unperturbed trials, the flight duration was 34 �
8 ms (n � 1176). B, Change in vertical (VERT.) accuracy. Circles and squares correspond to results obtained with the 20°/s and 33°/s target velocity, respectively. Open symbols, p � 0.05; filled
symbols, p � 0.05 (Mann–Whitney test). N � 56 values (insufficient number of data for 12 sites; see Materials and Methods). The gray arrows indicate the values obtained for the experiments
shown in Figures 1, A and B, 2, 3 (sites A3 and A12) and 4 (sites M4 and M6).
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of the stimulation-induced change in eye position from the onset
of the correction saccade (Figs. 3, 4), i.e., in the absence of pre-
motor activities. Therefore, instead of considering two separate
drive commands, we propose that a single dynamic command
encoding the current and expected target location feeds the same
feedback mechanism as the one proposed for the guidance of
saccades toward a static target (Van Gisbergen et al., 1981; Guit-
ton, 1992; Robinson, 1992; Sparks, 2002; Goffart, 2009). This
alternative hypothesis does not assume any chronometric mech-
anism for controlling the end of saccades (Thier et al., 2000); the
premotor neurons in the PMRF keep bursting until the estimate
of the eye displacement (or position) matches with the expected
target displacement (or position).

Our study shows that the accuracy of saccades can be af-
fected when the microstimulation is applied in the dSC, which
is supposed to relay the hypothetical snapshot. More specifi-
cally, overshoots are observed when the target moves in the
visual field that is contralateral to the stimulated site (i.e.,
when the perturbation is ipsilateral to the target motion direc-
tion). This overshoot increases with the horizontal amplitude
of the vector encoded at the stimulated site (Fig. 8). It could be
argued that the electrical microstimulation generates an activ-
ity in the dSC that interferes with signals encoding the snap-
shot or the stimulation-induced change in eye position.
However, these possibilities are not consistent with results
from other studies that tested the compensation abilities with
static targets in monkeys and did not report comparable inac-
curacies (Schiller and Sandell, 1983; Sparks and Mays, 1983).
There are two possible explanations that could account for the
inaccuracy sometimes observed during ipsilateral perturba-

tions. One, the dSC microstimulation could generate activities
that interfere with the processing of target motion signals
(Nummela and Krauzlis, 2011). Two, the microstimulation
could interfere with signals encoding the expected target loca-
tion. Indeed, if target motion signals from frontal eye field
(Barborica and Ferrera, 2003; Cassanello et al., 2008; Ferrera
and Barborica, 2010) or medial superior temporal (MST) area
(Maioli et al., 1992) influence the population activity in the
dSC for encoding the expected target location (Witten et al.,
2006), microstimulation could affect either a propagation of
activity in the dSC (Arbib and Lara, 1982) or the recruitment
of additional neurons that would burst before the interceptive
saccade is launched toward the target (for the remapping hy-
pothesis, see Fleuriet et al., 2011).

In conclusion, the results reported here bring new and difficult
constraints to the dual-drive hypothesis by showing that the inter-
ception can remain accurate when a delay and change in eye position
are experimentally introduced before saccade onset. Instead of con-
sidering the existence of a clock in the brain that estimates delays for
reaching a goal, we propose that the brain builds an estimate of the
expected and current spatiotemporal (hic et nunc) coordinates of the
target, an estimate that remains relatively independent of the
time taken to react and to foveate it. Thus, a single dynamic
command encoding the expected target location would feed
the same local feedback mechanism as proposed for the guid-
ance of saccades toward a static target. Further research is
required to determine how internal models of moving targets
are built to ultimately conform to the ongoing behavior and
whether a similar functional organization underlies the con-
trol of other types of goal-directed actions (Jeannerod, 1997).

Figure 7. Temporal and spatial perturbations and saccade accuracy when the direction of perturbation is ipsilateral to the target motion. A, Change in horizontal (HOR.) accuracy as a function of
the delay added by the perturbation (left), and the horizontal (middle) and the vertical (right) amplitude of perturbations. Note that the flight duration is 34 � 8 ms (median � interquartile range)
during unperturbed trials (n � 1176). B, Change in vertical (VERT.) accuracy. Circle and square symbols correspond to results obtained with the 20°/s and 33°/s target velocity, respectively. Open
symbols, p � 0.05; filled symbols, p � 0.05 (Mann–Whitney test). N � 51 values (insufficient number of data for 16 sites, see Materials and Methods). The gray arrows indicate the values obtained
for the experiments shown in Figures 1, A and B, 2, 3 (sites A3 and A12), and 4 (sites M4 and M6).
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