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Attentional Cueing at the Saccade Goal, Not at the Target
Location, Facilitates Saccades
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Presenting a behaviorally irrelevant cue shortly before a target at the same location decreases the latencies of saccades to the target, a
phenomenon known as exogenous attention facilitation. It remains unclear whether exogenous attention interacts with early, sensory
stages or later, motor planning stages of saccade production. To distinguish between these alternatives, we used a saccadic adaptation
paradigm to dissociate the location of the visual target from the saccade goal. Three male and four female human subjects performed both
control trials, in which saccades were made to one of two target eccentricities, and adaptation trials, in which the target was shifted from
one location to the other during the saccade. This manipulation adapted saccades so that they eventually were directed to the shifted
location. In both conditions, a behaviorally irrelevant cue was flashed 66.7 ms before target appearance at a randomly selected one of
seven positions that included the two target locations. In control trials, saccade latencies were shortest when the cue was presented at the
target location and increased with cue-target distance. In contrast, adapted saccade latencies were shortest when the cue was presented at
the adapted saccade goal, and not at the visual target location. The dynamics of adapted saccades were also altered, consistent with prior
adaptation studies, except when the cue was flashed at the saccade goal. Overall, the results suggest that attentional cueing facilitates
saccade planning rather than visual processing of the target.

Introduction
A sudden visual event, such as a street light turning on, often
draws attention. Such exogenous attention shifts are useful in
detecting potentially important changes in our surroundings so
that we may react appropriately to them. It has been shown that
an exogenous attention shift that is elicited by the presentation of
a salient visual cue reduces saccadic eye movement latencies to
targets presented shortly afterward at the same location (Posner
and Cohen, 1984; Bell et al., 2004; Fecteau et al., 2004). Although
this classic cueing effect has been studied for over 20 years, it
remains unclear whether exogenous cueing reduces saccade la-
tencies by facilitating processing of the target, consistent with an
influence on earlier visual processing stages (Jonides, 1981), or by
facilitating the response to the target (i.e., the execution of the eye
movement to that location), consistent with an influence on later
motor processing stages (Fecteau and Munoz, 2005).

It has been difficult to answer this question, since both the
visual target and the motor goal are usually presented at the same
location (but see Fecteau and Munoz, 2005). One way to dissoci-
ate the locations of visual and motor processing is through sac-
cadic adaptation (McLaughlin, 1967; Deubel et al., 1986; Straube
et al., 1997; Hopp and Fuchs, 2004), where the amplitude and/or

direction of a saccade to a visual target is gradually modified by
shifting the target to another location during the saccade
(McLaughlin, 1967; Hopp and Fuchs, 2004). For amplitude ad-
aptation, if the shift is �33% of the initial target distance or smaller,
it is generally not perceived by human subjects (Bridgeman et al.,
1975). The reduction of saccade amplitude by such adaptation
trials occurs rapidly: in humans, after �40 – 60 trials, saccades are
adapted and the endpoints of saccades to the same initial target
location differ significantly from their preadaptation values
(Deubel et al., 1986; Frens and van Opstal, 1994). It has been
suggested that saccadic adaptation occurs at the motor level, as a
change in the saccade command that is issued for a given visual
target eccentricity (Frens and van Opstal, 1994; Wallman and
Fuchs, 1998) rather than a change in the perceived visual target
distance (Deubel, 1991; Bahcall and Kowler, 1999, 2000). This
change is presumably produced by the retinal error signal be-
tween the target location and the saccade location endpoint
present during the adapting period (Wallman and Fuchs, 1998;
Bahcall and Kowler, 2000; Noto and Robinson, 2001) as opposed
to the amplitude of the corrective saccade (Albano and King,
1989).

To distinguish between sensory and motor hypotheses about
the influence of exogenous attention on saccadic latency, ampli-
tude and dynamics, we used saccadic adaptation to dissociate the
saccade goal from the location of the visual target. We flashed a
behaviorally irrelevant cue at different locations before present-
ing the visual target during saccadic adaptation. We hypothesized
that if exogenous attention facilitates sensory processing of the
target, then a cue flashed at the upcoming target location should
have the greatest influence on the saccade, because it would result
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in faster detection of the target. On the other hand, if attention
facilitates motor production of the saccade, then a cue flashed at
the upcoming saccade goal should have the greatest influence
since the saccade would be triggered faster by the cue.

We found that saccade latencies, amplitudes and dynamics
were influenced the most when a cue was flashed at the upcoming
saccade goal location, and not at the visual target location. This
observation supports the hypothesis that exogenous attention
reduces saccade latencies by facilitating motor planning.

Materials and Methods
Subjects. Seven subjects (ages: 25– 40, 4 female) participated in the exper-
iment. Five subjects were naive to the goal of the experiment. The exper-
imental protocol was preapproved by the Smith-Kettlewell Institutional
Review Board in compliance with the National Commission for the Pro-
tection of Human Subjects of Biomedical and Behavioral Research. All
subjects had normal or corrected to normal vision.

Apparatus. Subjects were seated in front of a 17-inch high-resolution
Nanao color monitor (1.76 min arc/pixel) with a refresh rate of 60 Hz
that was controlled by a Macintosh (Apple) computer. Subjects were
seated at a distance of 48 cm from the monitor in a dimly lit room. The
edges of the monitor were slightly visible because of the light projected
from nearby data acquisition monitors. The monitor background was
black (0.05 cd/m 2). Stimuli were presented using Matlab (The Math-
Works Inc.) and functions from the PsychToolbox (Brainard, 1997; Pelli,
1997). Eye position was recorded at 1000 Hz using a video-based tracker
(Eyelink 1000; SR Research). A chinrest maintained the viewing distance
and stabilized the head for accurate eye tracking. Before each block of
trials, the eye tracker was calibrated by having the subject fixate a series of
9 positions on the display (8 surrounding the periphery of the display and
the center) while the gains and offsets were set.

Procedure. Subjects performed one adapted saccade block and 2 con-
trol (normal) saccade blocks that consisted of 192–384 trials within each
block. In the adapted saccade block, the target shifted during the saccade
from an eccentricity of 15° to 10° throughout the block (33% of the
amplitude of the first target). The five naive subjects were unaware of any
differences between the control and adapted blocks, verbally ascertained
during debriefing. We chose to use a decreasing amplitude adaptation
paradigm (Hopp and Fuchs, 2004) because, while many studies on sac-
cadic adaptation have reliably shown a decrease or increase in saccade
amplitude in one direction (Semmlow et al., 1989; Wallman and Fuchs,
1998), decreasing saccade amplitude appears to be faster, lasts longer and
results in a greater amount of adaptation than increasing saccade ampli-
tude (Semmlow et al., 1989; Erkelens and Hulleman, 1993; Fuchs et al.,
1996; Panouillères et al., 2009).

The sequence of each trial in the adapting block was as follows: subjects
fixated on a dot [white circle (37.2 cd/m 2), diameter � 0.25°] at 10° left
of the center of the screen (Fig. 1 A, trial sequence). After a variable
interval of 600 – 800 ms (36 – 48 frames, 1 frame � 16.7 ms), a cue [light
gray circle (0.6 cd/m 2), diameter � 0.25°, duration � 33.3 ms, 2 frames]
was presented randomly at 1 of 7 positions aligned horizontally with the
fixation position [5° left of fixation, at fixation (fixation dot dimmed for
33.3 ms, 2 frames), 5°, 10°, 15°, 20°, or 25° right of fixation] (Fig. 1 B,
target and cue positions). The cue was then extinguished and was fol-
lowed by a 33.3 (2 frame) ms delay, corresponding to a 66.7 ms (4 frame)
stimulus onset asynchrony (SOA). The 66.7 ms SOA was determined
using pilot experiments to reliably show attentional facilitation for con-
trol saccades. Next, a target [white square (37.2 cd/m 2), diameter �
0.25°] was presented 15° to the right of fixation and the fixation dot was
extinguished at the same time. Subjects were asked to saccade to the
target as soon as they saw it. Eye position was monitored online and as
soon as the left eye moved 1.5° away from the fixation dot, the target
shifted to a location 10° to the right of initial fixation. The target always
shifted to its second position before the end of the first saccade. After the
target jump, the target remained illuminated at its second position for
500 ms (30 frames). The next trial began following a 600 (36 frames) ms
interstimulus interval. In addition, there was a condition in which no cue
was presented but the timing remained the same.

The two control saccade blocks consisted of trial sequences that were
identical to the target jump sequence, except that the target did not
change positions during the saccade and remained at either the 10° or 15°
position for the remainder of the trial. Within each block, target position
remained the same. The order in which the 3 blocks were presented to
each subject was randomized.

Data analysis. A total of 5496 trials were collected, with a total of 2088
adapted saccade trials, 1656 of the 10° control trials and 1752 of the 15°
control trials. The total number of trials per subject ranged from 576 to
1152. All data were analyzed using Matlab 7.3 (The Math Works Inc.).
Eye velocity was obtained by digital differentiation of eye position signals
and filtered to reduce noise (2 pole Butterworth filter, cutoff � 50 Hz).
Saccades were detected using a velocity threshold of 25°/s. Across all
subjects and groups, we removed all trials with saccade latencies of �80
ms (Wenban-Smith and Findlay, 1991) or �500 ms (Walker et al., 1995).
There were a total of 585 trials removed (10.6%). Next, to remove outli-
ers within each subject and each group (control, adapted), we removed
all trials with saccade latencies that did not fall within 3 SDs of the mean
within each subject and each group (63 additional trials). Additionally
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Figure 1. Task setup. A, Trial sequence for an adaptation trial. Each trial began when a
fixation target appeared for a random time (600 – 800 ms, 36 – 48 frames in 6 frame intervals)
(black filled circle). Next, a behaviorally irrelevant cue (light filled gray circle) was presented at
one of 7 locations (see B) for 33.3 ms. Subjects were asked to ignore the presence of the cue.
Following a SOA time of 66.67 ms, a target was presented at 15°, labeled as position 1 (darker
gray circle). During the saccade, the position of the target shifted 5° backward (arrow) toward
fixation (position 2, circle). The shortest saccade duration was 44 ms, and the target was always
visible at its new location before the end of the saccade. The target then remained illuminated
for 500 ms (30 frames). During control trials, the target was not shifted, i.e., position 1 and 2
were identical, either at 10° or at 15°. The intertrial interval (ITI) was 600 ms (36 frames). B,
Locations of targets and cues. The possible positions of the cues (open circles) were 5° left of
fixation (small black circle inside the open circle), at fixation (dimming of the fixation target),
and 5°, 10°, 15°, 20° and 25° right of fixation. Target locations are shown as gray squares
surrounding the open circles. Cues could appear randomly at one of 7 positions. In addition,
there was a no-cue condition, which had the same timings.
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there were a number of outliers in the dynamics data. Therefore, all peak
velocities above 700°/s [mean (M) � 435°/s, SD � 81°/s), acceleration
durations above 50 ms (M � 36 ms, SD � 3.17 ms) and deceleration
durations above 70 ms (M � 32 ms, SD � 10 ms) were excluded from the
data. This resulted in 4234 (77%) remaining trials.

To classify saccades in the adaptation blocks as either adapted or un-
adapted, we determined a priori a specific range of target movement
amplitudes. To be considered an adapted saccade, the movement end-
point was required to fall within �2° of the second target position, i.e., 8°
to 12° from fixation. This criterion yielded a total of 878 adapted sac-
cades. We used the same or similar criteria for selecting the control
saccade trials for each target position, i.e., 8° to 12° for the 10° control
target trials (n � 1241) and 13° to 17° for the 15° control target trials (n �
1020). We also selected from the adapted saccade trials a set of saccades
with amplitudes that fell within �2° of the first target position, i.e., 13° to
17°, which we labeled as unadapted saccades (total unadapted saccades,
n � 331). These four groups of saccades were then used in the subsequent
analyses. Note that the range of 4° ensures no endpoint overlap between
the adapted and unadapted saccade groups and allows a fair comparison
of saccades in the control and adapted trials. The mean amplitudes for all
groups were as follows: 10° control � 9.8°, adapted trials � 10.61°, 15°
control � 14.6° and unadapted trials � 13.9°.

In addition, we compared peak velocities and saccade durations be-
tween the adapted and the 10° control saccades. To do so, we compared
saccades with the same amplitudes across the two groups. For each group
at each cue location, we binned the amplitudes into 12 equal bins with
widths of 0.25°. We then selected the same number of trials from each bin
for both groups; this number was equivalent to the group with the fewer
number of trials within that bin. The same number of trials was then
randomly selected from the second group. This resulted in equivalent
amplitudes ( p � 0.05) at each cue location across both groups. Subse-
quent calculations of peak velocities and durations were then made from
these selected trials. Acceleration duration was defined as the time from

saccade onset to peak velocity, and decelera-
tion duration was defined as the time from
peak velocity to the end of the saccade.

Results
Control saccade trials—latencies
Saccade amplitudes for a typical subject as
a function of trial number for the 10° con-
trol saccade block are shown in Figure 2A.
Most saccade endpoints were close to the
target at 10°. Note that saccade endpoint
is synonymous with saccade amplitude
since fixation was set to 0°. The high-
lighted gray area depicts the �2° range
within which lie the endpoints of saccades
used in subsequent analyses, i.e., 8° to 12°.
Figure 2B shows typical control saccades
to the 10° target when the cue was flashed
10° right (at the target’s position) or 5° left
of fixation, plotted as a function of time.
Six randomly chosen trials are shown for
each cue position (10° right, solid traces
and 5° left, dotted traces). Saccade laten-
cies were consistently shorter when the
flashed cue appeared at the same location
as the subsequent target location. In Fig-
ure 2C, mean latencies for the same sub-
ject are plotted as a function of all cue
locations and both target locations (10°
control block, dashed lines and 15° con-
trol saccade, dotted line). The data from
this subject show that saccade latency var-
ied as a function of the position of the
flashed cue, with the shortest latencies oc-

curring when the cue appeared at or near the target location.
When the target was presented at 10°, saccade latencies were
shortest when the cue was presented at 10°. For the 15° condi-
tion, saccade latencies were shortest when the cue appeared at
the 15–25° locations. This was the case even though the flashed
cue was behaviorally irrelevant.

Figure 2D summarizes both control saccade conditions across
all subjects. Particularly for the 10° target group, saccade latencies
were shortest when the cue was flashed at the same location as the
target and increased gradually in either direction as the distance
between the cue and the target increased. A similar pattern can
also be seen for the 15° control target group, which shows the
shortest latencies when the cue is presented at 15° or 20°. The
more diffuse cueing effect seen in the 15° block may be due to
cortical magnification at greater eccentricities (Rovamo and
Virsu, 1979).

Next, we compared adapted saccades to control saccades. The
critical aspects of these data are 1) the location of the cue that pro-
duces the shortest latencies, and 2) the overall latency curve of the
adapted saccades plotted as a function of the cue location. If the
cue results in more efficient visual processing of the target, then
the shortest latencies should occur when the cue is flashed at the
visual target location (and not at the saccade goal), i.e., 15°, and in
addition, the latency curve should be similar to that of the 15°
control saccade curve. On the other hand, if the cue results in
faster saccade planning, then the shortest latencies should occur
when the cue is flashed at the saccade goal location (and not at the
visual target location), i.e., 10°, and in addition the curve should
match that of the 10° control saccade curve.
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Figure 2. Control trials. A, Saccade amplitude is plotted as a function of trial number for the 10° control saccade block from
subject 1. Black dots represent saccade endpoint for each trial. The gray region demarcates the range of saccade amplitudes that
were included in the analysis (2° � target amplitude). B, Six trials from A are shown with horizontal eye position plotted as a
function of time from target onset randomly selected from two different cue conditions. The black solid traces depict trials in which
the cue was flashed at 10° (same location as the target) and the gray dotted traces depict trials in which the cue was flashed at 5°
left of fixation. C, Average saccade latencies for each flashed cue position are plotted for the two control saccade groups 10° �
dashed line and 15° � dotted line for subject 1 as in A and B. No cue in the x-axis represents the no-cue condition. Error bars are
SEM. Please see supplemental Figure 1 (available at www.jneurosci.org as supplemental material) for data from a second subject.
D, Average saccade latencies across all subjects (7) are plotted in the same manner as C.
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Adapted saccade trials—latencies
Figure 3A shows a block of adapted sac-
cade trials from a typical subject. Saccade
endpoint is plotted as a function of trial
number. As can be seen, saccade ampli-
tude/endpoint decreased gradually with-
in the first 50 trials from 15° to �10° and
then remained around there for the
remainder of the trials. We separated
the adapted saccade trials into the sac-
cade amplitude ranges described in the
Materials and Methods section. The pink
shaded region depicts the adapted saccade
group, i.e., saccades with endpoints within
�2° of the shifted target position. The gray
shaded region depicts the unadapted sac-
cade group, i.e., saccades with endpoints
within �2° of the initial target position.

In Figure 3B, we plot mean saccade la-
tency of the adapted saccade group for
each flashed cue position (red line) for the
same subject. For comparison, we have
also plotted the control latency data from
Figure 2C for the 10° (dashed gray line)
and 15° control saccade (dotted gray line)
conditions. The adapted saccade latencies
appear to follow the latency pattern for
the 10° control saccade condition and not
that of the 15° control saccade condition.
Specifically, the adapted saccade latencies
are shortest when the cue is flashed at the
goal of the adapted saccade (10°) and not
the location of the visual target that trig-
gered the saccadic movement (15°). In ad-
dition, the overall adapted latency curve
across all cue positions appears to more
closely follow the 10° control saccade curve than the 15° curve. If
the cue most effectively facilitated processing of the visual target,
we would expect that the shortest latencies would be at the 15° cue
location and that the adapted latency curve would follow that of
the 15° control saccade condition.

Across all cues and all subjects, adapted saccades had an aver-
age latency of 156 ms (SD � 37), 10° control saccades had a
latency of 164 ms (40), and 15° control saccades had a latency of
170 ms (41). A one-way ANOVA with an accompanying post hoc
Student–Newman–Keuls test (SNK) revealed significant differ-
ences between the three latencies (F(2,3136) � 27.248, p � 0.001;
SNK, p � 0.05).

To quantify how saccade latency was affected by the cue alone,
we normalized the latencies in the cued trials relative to the no-
cue trials. We did this by calculating the mean latency for the
no-cue trials for each subject and then subtracting this value from
each of the cued trial latencies. In Figure 3C, we show the nor-
malized latencies for the same subject as in Figure 3B. As can be
seen for the control saccade data, the 10° and 15° curves are now
slightly shifted relative to one another compared with Figure 3B.

Figure 3D shows the normalized mean latencies across all sub-
jects for the adapted (red line) as well as the 10° and 15° control
saccades. Here, the adapted curve appears to follow the curve for
the 10° control saccades much better than it does the 15° control
saccade curve. In addition, the adapted saccade curve has the
shortest latencies at the 10° cue position, and not the 15° cue
condition. The normalized latencies also reveal how the cue in-

fluences latency at each position relative to the no-cue condition
(horizontal dotted line). For example, in the adapted curve, the
shortest latencies occur when the cue is flashed at 10°, during
which saccade latencies are on average 18 ms shorter than during
the no-cue condition, whereas they are �21 ms longer when the
cue is flashed on the opposite side of fixation (�5°).

We performed univariate ANOVAs on the normalized sac-
cade latencies for each group separately with cue position as a
factor finding a significant effect of cue position on each group
(10° � F(6,1065) � 8.993, p � 0.001, 15° � F(6,854) � 11.57, p �
0.001, adapted � F(6,763) � 16.21, p � 0.001). Separate post hoc
analyses (SNK) revealed that for both the 10° control saccade
group as well as the adapted group, latencies for the 10° cue
location were significantly different from all other cue locations
( p � 0.05). In the 15° control saccade group, the latencies for the
15° cue location were significantly different from all other cue
locations except 20° ( p � 0.05).

We compared the overall cueing-effect curves to determine
which control saccade curve (10° or 15°) the adapted curve
matched the closest. For each individual subject as well as across
all subjects, we calculated the magnitude of the difference be-
tween the mean adapted saccade latency and the means of each of
the two control saccade latencies at each cue location and then
averaged these magnitudes across the cue locations. If the cue
speeds up processing of the visual target, then the difference mag-
nitude should be smaller between the adapted curve and the 15°
control saccade curve. On the other hand, if the cue speeds up
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Figure 1 (available at www.jneurosci.org as supplemental material). D, Normalized average adapted saccade latencies across all
subjects for the 15° to 10° adapted saccade condition (red line) plotted with the 10° (dashed gray line) and 15° control conditions
(dotted gray line).

5484 • J. Neurosci., April 21, 2010 • 30(16):5481–5488 Khan et al. • Attentional Cueing in Adapted Saccades



production of the saccade, then the difference magnitude should
be smaller between the adapted saccade curve and the 10° control
saccade curve. In Figure 4, the diagonal dotted line is the line of
unity. Data points falling below this line are consistent with the
saccade production hypothesis whereas data points falling above
the line are consistent with the visual processing hypothesis. The
data points for all subjects except one fell below the line of unity,
consistent with the saccade production hypothesis.

We also performed a correlational analysis between the mean
adapted latencies and the control saccade latencies (7 mean laten-
cies for each of the 7 cue locations). A higher correlation between
one control saccade group (15° control vs 10° control) and the
adapted saccade data compared with the other control saccade
group would demonstrate that the curves match better. As can be
seen in Table 1, saccade latency correlations were consistently
higher between the adapted saccade and the 10° control condi-
tions (corresponding to the saccade production hypothesis) than
between the adapted saccade and the 15° control condition (cor-
responding to the visual processing hypothesis) in all but one
subject (subject 7). This subject nevertheless had a high correla-
tion between the 10° control and adapted saccade latencies, but
the overall pattern of latencies for this subject was similar across
all three conditions, making it difficult to dissociate between the
visual processing and saccade production hypotheses.

Together, the results suggest that the cue that has its greatest
influence when flashed at the upcoming saccade goal location
and not at the visual target location.

Unadapted saccades—latencies
One test of the above conclusion is that the influence of the cue
should depend on saccade endpoint, e.g., if the endpoint is 15° to
the right, then a cue flashed at that location should have the
greatest influence, regardless of the visual target location. To test
this, we examined the group of unadapted saccades that occurred
during the adapted saccade trials. These were saccades in the
adaptation block which had endpoints within �2° of the initial
target location. Across all subjects, there were 333 unadapted
saccades in total, 31% of which occurred during the second half
of the adaptation block (see supplemental Fig. 1, available at
www.jneurosci.org as supplemental material, for endpoint data
for a second subject). Across all cues, unadapted saccades had an
average latency of 162 ms (SD � 42). A one-way ANOVA com-
paring these saccades and the 15° and 10° control saccades was
significant (F(2,2589) � 7.497, p � 0.01). A post hoc SNK revealed
that the latencies of the unadapted saccades were not different
from the 10° control saccade latencies ( p � 0.05).

In the same manner as for Figure 3D, we normalized the la-
tencies for the unadapted saccades. Figure 5 shows the mean
normalized latency curves for the unadapted saccades occurring
during the adapting paradigm across all subjects (thick red line).
The lighter trace of the same color in this figure shows the data
from the adapted saccade group for comparison. In addition, the
15° and 10° control saccade curves are also plotted. The figure
shows that the unadapted curve (thick red line) does not follow
the same pattern of latencies across cue positions as the adapted
curve (light red line). Rather, the curve appears to fit better with
the 15° saccade curve. This was quantified using correlation
analysis as performed above; the correlation between the un-
adapted latencies and the 15° control latencies was higher at
0.735 ( p � 0.06, n � 7) compared with the correlation between
the unadapted latencies and the 10° control latencies at �0.172
( p � 0.712, n � 7). Thus, for both unadapted and adapted sac-
cades, the cue has the greatest influence on saccade latencies when
it appears at the saccade endpoint.

To ensure that these findings are unrelated to the process of
saccade adaptation itself, we performed an additional analysis
where we separated adaptation trials into 3 epochs— early, mid-
dle, and late adaptation. We found the same effect of cue on
adaptation latencies across all three epochs (see supplemental
Fig. 2, available at www.jneurosci.org as supplemental material).

Figure 4. Direct comparison between motor and visual hypotheses. The x-axis plots the
mean absolute difference between the average adapted saccade latencies and the average 10°
control latencies. The differences between the mean latencies at each cue location were calcu-
lated and then all 7 differences were averaged. The y-axis plots the mean absolute difference
between the average adapted saccade latencies and the average 15° control latencies. Each dot
representsonesubjectandtheblackfilledsquarerepresentsthemeandifferencefromallsubjects.The
diagonal line represents unity. A data point below the line is consistent with the motor production
hypothesis because the difference between the adapted saccade and the 10° control target latencies
are smaller than the difference between the adapted saccade the 15° control target latencies. A data
point above the line of unity is consisted with the visual processing hypothesis.

Table 1. Correlations

Subject Adapted/15° control (7) Adapted/10° control (7)

All r � 0.469 r � 0.918**
Subject 1 �0.347 0.902**
Subject 2 0.071 0.890**
Subject 3 0.055 0.614
Subject 4 �0.074 0.444
Subject 5 0.554 0.256
Subject 6 0.365 0.595
Subject 7 0.966** 0.926**

**p � 0.01.
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Figure 5. Unadapted saccade latencies. Average unadapted normalized saccade latencies
across all subjects for the 15° to 10° adapted saccade condition plotted as a function of cue
position (thicker red line) as in Figure 3. Unadapted saccades were defined as saccades that fell
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saccade latency curve from Figure 4 E (light red line).
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Saccade amplitude and dynamics
Since adaptation is often incomplete, adapted saccades toward
lower gains tend to have larger amplitudes than normal saccades
for the same final target location (Desmurget et al., 1998; Hopp
and Fuchs, 2004; Cotti et al., 2007). In addition, when matched
for amplitude, adapted saccades also have longer durations and
decreased peak velocities compared with normal saccades (Frens
and van Opstal, 1994; Collins et al., 2008). We investigated
whether these differences also occurred in our data, and whether
the cue at either the saccade goal or visual target had an additional
influence on amplitude and dynamics, such as peak velocity and
duration, for the adapted saccades.

We found that average saccade amplitude in the adapted trials
was reduced by 80.4% (from 14.61° [15° control amplitude] to
10.6° [adapted amplitude] � 4.01°) of the required displacement
(15° to 10° � 5°) across all cue conditions combined. This is
consistent with previous studies (Desmurget et al., 1998; Hopp
and Fuchs, 2004; Cotti et al., 2007). However, we found that
within the adapted saccade group, saccade amplitudes were sig-
nificantly smaller when the cue was flashed at the saccade goal
(F(7,870) � 12.662, p � 0.001, SNK, p � 0.05) but were not signif-
icantly larger when the cue was flashed at the visual target loca-
tion ( p � 0.05). Within the 10° control saccades, amplitudes
were not smaller for the 5° compared with the 15° cue location
(SNK � 0.05).

To compare saccade dynamics, we equalized amplitudes at
each cue location between the adapted and the 10° control sac-
cade groups (see Materials and Methods). We compared average
velocity profiles between the adapted (red) and the 10° control
saccades (gray) when the cue was flashed at the 15°–visual target
(Fig. 6A) and at the 10°–saccade goal (Fig. 6B) locations. In both
figures, the average � the SEM of all velocity profiles aligned at
saccade onset is plotted.

Figure 6A shows that within these trials with equalized ampli-
tudes ( p � 0.05), when the cue was flashed at the visual target
location, peak velocity was decreased for the adapted saccades
(red traces) compared with the 10° control group (F(1,128) �
21.392, p � 0.01). Figure 6B shows that when the cue was flashed
at the upcoming saccade goal location, in contrast to the cue
being flashed at the visual target location, peak velocity was not
significantly different from the control data ( p � 0.05).

Figure 6C plots peak velocity as a function of cue position for
the adapted (red line) and control (gray dashed line) saccades
with equivalent amplitudes. Overall peak velocity was signifi-
cantly different for the adapted saccades compared with the con-
trol saccades (F(1,1132) � 11.731, p � 0.05). Within the adapted
saccades, we compared peak velocity across cue conditions to the
no-cue condition and found that the 10° and the 25° cue location
was significantly different from the no-cue condition (F(7,549) �
3.64, p � 0.001, SNK �0.05). The 10° cue condition was not
different from the no-cue condition in the control group ( p �
0.05). Figure 6D plots the duration of the deceleration period as a
function of cue position. Overall the duration of the deceleration
period was higher for the adapted saccades compared with the
control saccades (F(1,1132) � 28.455, p � 0.001). Within the
adapted trials, the 10° cue location had the lowest duration but was
only significantly different from the 25° cue location (F(7,549) �
2.983, p � 0.01, SNK � 0.05). There were no significant differences
for across any cue condition within the control trials ( p � 0.05).
The duration of the acceleration period was significantly higher
for the control trials (36.3 ms) than for the adapted trials (35.5
ms; F(1,1132) � 27.969, p � 0.05) but there were no within-group
cue differences ( p � 0.05).

To summarize, we replicated previous findings by showing
that overall, adapted saccades differ from normal saccades of
equivalent amplitude, with reduced peak velocities and longer
acceleration and deceleration period durations. However, when
the cue was presented at the saccade goal location, peak velocity
and deceleration duration did not follow this pattern.

Discussion
We investigated the mechanism underlying saccadic facilitation,
the well known decrease in saccade latency following a behavior-
ally irrelevant exogenous cue. We asked whether the cue influ-
enced processing of the visual target or planning of the saccade by
using saccadic adaptation to dissociate the locations of the visual
target and the saccade goal. We found that adapted saccades were
most strongly influenced when the cue was flashed at the upcom-
ing saccade goal location and not when the cue was flashed at the
visual target location. Therefore, we conclude that the attentional
cue had a predominant influence on the late motor programming of
the saccade rather than on the early visual processing of the target.

An attentional cue presented at the saccade goal had three
main effects on adapted saccades: first, latencies were shorter
compared with when the cue was presented elsewhere; second,
saccade amplitude was smaller; and finally, the velocity profile
was similar to that of control saccades rather than the velocity
profile of a typical adapted saccade.

Latency, velocity, and amplitude effects
For control saccades, we found that saccades had shorter latencies
when a cue was presented at the same location as the target and
longer latencies when the cue-target distance was greater, com-
pared with the condition with no cue present. This is in agree-
ment with earlier studies in which the visual target and saccade
goal locations were undifferentiated (Shepherd et al., 1986;
Crawford and Muller, 1992; Bell et al., 2004; Fecteau et al., 2004).
Critically, when we separated the visual target and saccade goal
locations by adapting saccades to a target at 15° eccentricity down
to �10° in amplitude, the pattern of cueing effects for the adapted
saccades was similar to that which was observed for control sac-
cades to a target at an eccentricity of 10°. In both cases, saccade
latencies were shortest when the cue was flashed at 10° and grad-
ually increased for more distant cues. In the 10° control saccade
group, the optimal cue location corresponded with both the sac-
cade goal and the target location. However, in the adapted sac-
cade group, this corresponded with the saccade goal location and
not the visual target location.

Even within the adaptation block, saccades with endpoints
that were closer to 15° showed a pattern of latencies consistent
with the 15° control latencies. These results also exclude the pos-
sibility that our results arose from an overall difference in perfor-
mance between the adaptation and control blocks, e.g., an
adaptation task set. It could be argued that the saccades with
larger amplitudes took place within the first few trials before
adaptation occurred. However, �1/3 of these saccades with
greater amplitudes occurred within the second half of the adap-
tation block (see supplemental Fig. 1, available at www.jneurosci.
org as supplemental material). Therefore, our results support the
hypothesis that the cue had the greatest influence when it was
presented at the saccade goal rather at the visual target.

Previous studies have shown that adapted saccades have dif-
ferent dynamics from those of normal saccades (Frens and van
Opstal, 1994; Straube and Deubel, 1995; Collins et al., 2008). We
reproduced the findings of Collins et al. (2008), who showed that
adapted saccades have a longer deceleration period than control
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saccades with the same amplitude. However, in our task, when
the cue was flashed at the saccade goal location, the velocity pro-
files of adapted saccades became more similar to those of the
control saccades. We propose therefore that the cue provided a
visual signal that interacted with the saccade goal, i.e., an averag-
ing effect (Edelman and Xu, 2009) resulting in a saccade that had
similar dynamics to the nonadapted saccades. This is consistent
with the finding that visually guided saccades have higher veloc-
ities than non-visually guided saccades (Smit et al., 1987; Smit
and Van Gisbergen, 1989; Gnadt et al., 1991; Van Gelder et al.,
1997; Amador et al., 1998; Ohno et al., 2000; Edelman and Goldberg,
2001; Edelman et al., 2006) and could account for the fact that when
the cue is presented at the saccade goal location, the amplitudes of
adapted saccades are more similar to the controls.

As with any study of exogenous saccade cueing, it could be
that both the adapted and control saccade curves show a reduc-
tion in saccade latencies when the cue location coincides with the
saccade goal location simply because subjects are essentially mak-
ing a premature saccade to the cue rather than the target. How-
ever, the data argue against this possibility. First, the latency
reductions are at most 15 ms compared with the overall latencies
across the rest of the cue locations, whereas the timing difference
between the cue and the target was 50 ms. However, this smaller
latency effect could be explained if some saccades were made to
the cue and others to the target. Therefore, we examined the
latency distributions when the cue was presented at the saccade
goal, but did not find any bimodal distributions that would be
suggestive of this possibility. Instead, all latency distributions
showed a single peak with equivalent widths. In addition, during
adaptation, the saccade is triggered by the target which is at 15°
location. We would expect that if subjects were making prema-
ture saccades to the cue, they would be more likely to do so when
the cue was flashed at 15° (close to the target) resulting in shortest

latencies at that cue location. Finally, it
has been shown that saccade adaptation to
targets presented at one amplitude par-
tially transfers to targets at other nearby
amplitudes (Noto et al., 1999; Hopp and
Fuchs, 2004). Specifically, Noto et al.
(1999) showed (in monkeys) that adapta-
tion to a 15° target, transfers �60 –70% to
a 10° target. Taking this into account, if
subjects were indeed making a saccade to
the 10° cue, they should have shown some
adaptation transfer and accordingly made
saccades of �8.5°. Instead, their saccades
were 9.9° on average when the cue was
flashed at the 10°, comparable to saccade
amplitudes for the 10° control block.

Possible neural mechanisms
We believe that our results imply a spatial
interaction between the visual location of
the attentional cue and the saccade goal
location. One area where this could occur
is the superior colliculus (SC). The SC
contains topographic visual and motor
maps (Scudder et al., 2002), and receives
inputs from brain regions such as the pre-
frontal and parietal cortices (Lui et al.,
1995; Clower et al., 2001; May, 2006). Re-
cent studies have shown neuronal corre-
lates of attention capture in the SC (Bell et

al., 2004; Fecteau et al., 2004). For example, Fecteau et al. (2004)
found stronger target-related activity when a cue and target ap-
peared in the same location, because the target-related activity built
on the previous cue-related activity. This activity was significantly
correlated with saccadic reaction time; stronger target-related activ-
ity led to shorter reaction times. Differences in activity at the same
location in the SC have been shown to lead to changes in saccade
latency, amplitude and velocity profiles (Stanford et al., 1996), which
may explain our findings. With respect to our task, we hypothesize
that it is the saccade goal location rather than the visual target loca-
tion that interacts or averages with the cue, suggesting that informa-
tion about the adapted saccade goal is represented in the SC; with the
activity related to the saccade building on the previous cue-related
activity resulting in a shorter saccade latency. This is partially sup-
ported by physiological evidence, however controversy remains as to
whether the SC encodes the saccade goal location as opposed to the
target location for adapted saccades (Fitzgibbon et al., 1986; Melis
and van Gisbergen, 1996; Frens and Van Opstal, 1997; Edelman and
Goldberg, 2002; Takeichi et al., 2005, 2007; Edelman and Xu, 2009).

Effects of attention on visual and motor processing
Many previous studies have demonstrated tasks and situations
where attentional cueing clearly facilitates early sensory process-
ing stages (Jonides, 1981; Egeth and Yantis, 1997; Snowden,
2002). Our findings do not dispute these studies, rather, they
reveal the mechanisms involved in classic attentional cueing tasks
with saccades, which have been widely used for many decades
(Posner et al., 1982; Abrams and Dobkin, 1994). Within this
context, our findings expand on those of Fecteau and Munoz
(2005), who show evidence for attentional mechanisms occur-
ring at later motor stages of processing in the SC, by showing that
attention influences processing of the saccade goal rather than the
visual target.
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